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1.  INTRODUCTION 


The  goal  of  this  proposal  was  to  combine  two  individually  effective  and  mechanistically  dissimilar  anti-tumor 
strategies  in  a  single  nanoparticle:  (1)  a  tumor  selective  peptide  that  has  anti-angiogenic  and  anti-tumor 
properties;  and  (2)  a  laser  activated  carbon  nanoparticle  for  photothennal  ablation.  We  hypothesized  that  this 
combination  will  produce  an  effective  therapy  for  renal  carcinoma.  The  Specific  Aims  were  to  fabricate  these 
particles  and  then  test  them  in  cultured  cells  and  in  a  mouse  tumor  model.  The  Tasks  associated  with 
accomplishing  each  Specific  Aim  are  delineated  below.  This  is  a  mentor/predoctoral  award,  and  an  additional 
objective  was  to  train  the  next  generation  of  graduate  students  in  nanomaterials  and  kidney  cancer. 

In  July  of  2012  we  moved  the  laboratory  from  Wake  Forest  School  of  Medicine  in  North  Carolina  to  the 
University  of  Connecticut  Health  Center.  This  move  caused  a  substantial  disruption  in  research  activities.  This 
was  partly  due  to  the  time  it  took  to  transfer  the  grant  from  one  institution  to  the  other:  the  award  was  not  fully 
transferred  until  May  2013.  We  received  a  no-cost  extension  to  enable  us  to  continue  these  experiments. 
Because  of  the  short  time  remaining  at  the  time  the  grant  was  re-activated  and  the  change  in  personnel  that 
ensued  following  the  move,  a  modified  SOW  was  approved  that  included  the  following  modifications  (1) 
testing  of  a  new  nanomaterial,  fluoridated  graphene,  as  a  substrate  for  conjugation  of  D5.  (2)  Use  of  a  kidney 
tumor  xenograft  model  to  test  the  anti-tumor  efficacy  of  these  materials. 

2.  KEYWORDS:  Nanotubes/Urokinase  Plasminogen  Activator  Receptor 
(UPAR)/kininogen/kidney/kidney  cancer/photothermal  therapy/graphene/graphene  oxide/fluorinated 
graphene  oxide 

3.  OVERALL  PROJECT  SUMMARY 

Specific  Aim  1.  Synthesize  nanotube-based  particles  ligated  to  D5s 

Task  1:  Objective:  Obtain  linear,  Y-branched  and  dendritic  nanoparticles 

Results,  Progress  and  Accomplishments:  Our  co-investigators  at  Rice  (Dr.  Ajayan)  and  WFU  Physics 
Department  (Dr.  Carroll)  fabricated  each  of  these  nanomaterials.  Dr.  Ajayan  successfully  prepared  Y-branched 
and  dendritic  nanoparticles,  but  was  not  able  to  sufficiently  scale-up  synthesis  to  enable  us  to  systematically  test 
these  materials.  We  therefore  focused  on  linear  nanotubes,  provided  initially  by  Dr.  Carroll  and  subsequently 
obtained  commercially.  As  described  in  the  modified  Statement  of  Work,  Dr.  Ajayan  also  provided  us  with 
fluorinated  graphene  oxide,  a  newer  material  that  his  laboratory  developed  and  which  his  laboratory  was  able  to 
provide  in  sufficient  quantity  to  use  in  our  experiments. 

Task  2:  Objective:  conjugate  linear,  Y-branched  and  dendritic  nanotubes  to  the  synthetic  peptide,  D5s. 

Results,  Progress  and  Accomplishments:  We  obtained  the  synthetic  peptide  D5s  commercially  from  Anaspec. 
Our  co-investigator  at  the  WFU  Department  of  Chemistry  (Dr.  King)  was  able  to  successfully  conjugate  this 
peptide  to  linear  nanotubes  using  EDC  (1 -ethyl-3 -(3 -dimethylaminopropyl)  carbodiimide).  We  did  not  use  Y- 
branched  or  dendritic  nano  tubes  due  to  the  scale-up  problems  described  in  Task  1. 

Specific  Aim  2.  Test  binding,  cytotoxic  and  thermoablative  properties  of  D5s-nanoparticles  in  vitro. 

Task  2. 1 :  Objective:  Test  specificity  of  binding  of  D5a-nanoparticles. 

Results,  Progress  and  Accomplishments.  We  first  confirmed  that  uPAR,  the 
receptor  targeted  by  D5,  is  expressed  in  renal  cancer  and  endothelial  cells, 
since  these  are  the  cells  we  plan  to  target  with  our  D5-nanotube  conjugate. 

Protein  expression  of  uPAR  was  assessed  in  the  following  cell  lines  by 
immunoblotting:  HUVEC  (human  umbilical  vein  endothelial  cells),  Human 
Primary  Renal  Epithelial  Cells,  CRL  1932  (human  renal  clear  cell 
adenocarcinoma),  and  RENCA  (mouse  renal  adenocarcinoma). 


Figure  1.  uPAR  is  expressed  in 
kidney  cancer  cells  and  proliferating 
endothelial  cells.  Western  blots  are 
shown. 
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Figure  1  shows  that  as  expected,  there  is  increased  expression  of  uPAR  in  HUVECs  compared  to  normal  and 
cancer  cells  and  increased  uPAR  expression  in  cancer  cells  compared  to  normal  cells. 

Task  2.2  Objective:  Confirm  that  binding  occurs  via  binding  to  UPAR. 


Results,  Progress  and  Accomplishments:  To  test  binding  of  D5  to  uPAR,  we  first 
produced  and  purified  a  recombinant  D5-GST  fusion  protein  (Figure  2).  GST 
pulldown  experiments  were  then  perfonned  using  cell  lysates  and  GST-tagged  D5. 
20  ug  of  each  cell  lysate  were  incubated  with  GST-D5  or  GST  and  rotated  overnight 
at  4°  C.  The  lysates  were  then  incubated  with  GST-binding  agarose  beads,  washed, 
eluted,  and  run  on  SDS  PAGE.  Binding  was  detected  by  immunoblotting  (Figure  3). 
These  experiments  demonstrate  binding  of  D5  to  UPAR  in  kidney  cancer  cells  and 
endothelial  cells. 
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Figure  3.  Immunoblot  of  D5- 
GST  pulldown  of  uPAR 


Task  2.3.  Objective:  Test  ability  of  D5s-nanoparticles  to  bind  proliferating 
endothelial  cells. 

Results,  Progress  and  Accomplishments:  We  demonstrated  that  D5  binds  to 
endothelial  cells  via  the  UPAR  receptor  (above).  We  did  not  repeat  these 
experiments  with  D5-nanoparticles  since  these  particles  were  only  successfully 
synthesized  later  in  the  project. 

Task  2.4.  Objective:  Assess  anti-proliferative  effects  of  D5a-nanoparticles. 


Results,  Progress  and  Accomplishments:  To  determine  the  anti-proliferative  effects  of  D5  conjugated  to 
MWCNTs,  we  first  assessed  the  anti-proliferative  effect  of  D5  alone.  HUVEC,  CRL1932  and  RENCA  cells 

were  plated  and  incubated  with  recombinant  D5,  HKa  (cleaved 
high-molecular-weight  kininogen),  or  staurosporine  (control).  Dose- 
dependent  decreases  in  viability  (determined  by  MTT  assay)  were 
seen  in  HUVEC  and  CRL1932  cell  incubated  with  D5.  (Figures  4 
and  5)  as  well  as  RENCA  cells  (not  shown).  This  indicates  that  D5 
has  the  expected  cytotoxic  effect  on  endothelial  cells  and  kidney 
cancer  cells. 


Cells 


Figure  4.  MTT  assay  of  HUVECs  incubated  with 
HKa  or  D5  for  24  hrs. 


6000  cells 
Figure  5.  MTT  assay  of  CRL1932  cells 
incubated  with  HKa  or  D5  for  24  hrs. 


Task  2.5.  Objective:  Assess  thermal  ablative  properties  of  D5a- 
nanoparticles. 

Results,  Progress  and  Accomplishments:  D5-conjugated  MWCNTs 
and  fluorinated  graphene  oxide  (FGO)  and  were  dispersed  at 
different  concentrations  in  aqueous  solvents  (PBS  or  water)  to  confirm 
their  compatibility  with  aqueous  media.  As  shown  in  Figure  6,  all 
materials  were  well  dispersed.  We  then  tested  the  ability  of  these 
materials  to  increase  temperature  in  response  to  illumination  with  NIR. 
Materials  were  dispersed  and  illuminated  for  0-35  sec  with  a  975  nm 
fiber  optic  laser,  and  the  change  in  temperature  measured.  As  shown  in 
Figure  7,  a  dose-dependent  increase  in  temperature  was  observed  with 
both  materials. 


To  assess  the  effect  of  CNT  heating  on  cell  survival,  RENCA  cells  were 
treated  with  FGO  or  D5-MWCNT,  exposed  to  NIR,  and  viability 
measured  using  an  MTS  assay.  As  shown  in  Figure  8,  both  materials  induced  a  profound  decrease  in  cell 
viability.  These  results  demonstrate  that  these  materials  are  suitable  for  further  testing  in  an  in  vivo  model. 


Specific  Aim  3.  Perform  in  vivo  testing  of  tumor  ablative  properties  of  unconjugated  and  conjugated 
nanomaterials  using  a  subcutaneous  xenograft  model  (The  tasks  in  this  Aim  were  modified  during  the  no-cost 
extension  as  described  above). 


5 


018 

016 

0l14 
|  Ol? 

2  o.i 

2  008 

8  mm 
004 

00} 

FGO  in  H20  y  o  coo7» 

K’  -  0.998b 

t** 

so  ioo  iso  ?no  ?so 

Mg/m  r«nomb*» 

MWCN-COOH-D5  in  H20  v-oj»ojk 

■*•0.997 

0.0S 

* 

0.01 

1 

s ,1" 
001 

0.01 

SO  100  ISO  200  2 SO 

Mg/ml  nanotub«t 

Figure  6.  D5-MWCNT  and  FGO  are  well 
dispersed  in  aqueous  media. 

Task  3.1.  Objective:  Determine  number  of  cells  necessary  to  achieve 
efficient  tumor  take. 

Results,  Progress  and  Accomplishments:  We  determined  that  we  could 
reproducibly  obtain  tumors  of  the  appropriate  dimension  to  be 
encompassed  by  the  laser  beam  (~6  mm)  by  implanting  RENCA  tumor 
fragments  of  2  mm3  into  the  flanks  of  athymic  mice.  Tumors  reached 
maximal  size  (1000mm  )  in  approximately  4  weeks. 

Task  3.2  Objective:  Assess  the  anti-tumor  efficacy  of  unconjugated 
and  D5  conjugated  nanomaterials  following  direct  injection  into 
tumors. 

Results,  Progress  and  Accomplishments:  We  injected  mice  with  tumor 
fragments  to  initiate  these  studies,  but  the  tumors  have  not  yet  grown  to 
sufficient  size  to  enable  injection  of  nanoparticles.  Although  we  did 
not  have  time  to  complete  these  studies  within  the  timeframe  of  this 
award,  we  plan  to  complete  these  studies  with  support  from  the  Pi’s 

start-up  funds.  In 
particular,  we  will 
inject  tumors  with 
either  saline 
(vehicle  control), 
unconjugated 
MWCNT,  FGO,  or 
D5  conjugated 
MWCNT.  Tumors 
will  be  illuminated 
with  near-infrared 


Task  3.3.  Objective:  Assess  the  anti-tumor  efficacy  of  unconjugated 
and  D5  conjugated  nanomaterials  following  intravenous  injection. 
Results:  None  to  report.  (However,  see  “other  achievements”  for 
experiments  relevant  to  intravenous  delivery  of  nanomaterials). 


Figure  8.  D5 -MWCNT  and  FGO  decrease  kidney 
cancer  cell  viability  following  exposure  to  NIR. 


laser  light,  and  tumor  growth  monitored. 


4.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  Determined  that  D5,  a  peptide  derived  from  kininogen,  can  target  UPAR  and  exert  cytotoxic 
effects  on  kidney  cancer  cells  and  proliferating  endothelial  cells 

•  Successfully  conjugated  D5  to  nanotubes 

•  Determined  that  D5 -conjugated  nanotubes  are  markedly  effective  in  inhibiting  the  growth  of 
kidney  cancer  cells 

•  Determined  that  fluorinated  graphene  oxide  (FGO)  is  also  effective  in  ablating  kidney  cancer 
cells  and  may  be  a  suitable  platform  for  further  development 

5.  CONCLUSION 

The  research  we  conducted  demonstrates  that  D5 -conjugated  nanotubes  are  highly  effective  anti-tumor  agents 
in  vitro.  Since  this  grant  was  first  awarded,  concerns  have  surfaced  about  off-target  toxicities  of  nanotubes. 
Our  work  has  also  demonstrated  that  fluorinated  graphene  oxide  has  promise  as  a  nanomaterial  that  can 
effectively  substitute  for  nanotubes,  since  it  is  characterized  by  many  of  the  same  beneficial  attributes  without 
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the  potentially  concerning  “asbestos-like”  attributes  of  nanotubes.  Our  goal  is  to  follow-up  on  these  findings  in 
future  work. 
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Personnel  receiving  pay  from  the  research  effort: 
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Michael  Gorczynski,  Rachel  R.  Tenney,  Rebeca  Romero  Aburto,  Chardutta  C.  Galande 

7.  INVENTIONS,  PATENTS,  LICENSES  -  none  to  report 

8.  REPORTABLE  OUTCOMES 

D5-conjugated  MWCNTs,  a  material  that  in  the  future  may  be  commercialized  as  an  agent  for  photothermal 
tumor  ablation. 

9.  OTHER  ACHIEVEMENTS 

The  optimal  use  of  nanomaterials  for  treatment  of  cancer  following  systemic  delivery  would  benefit  from  a 
detailed  understanding  of  the  passage  of  nanomaterials  through  the  bloodstream.  Since  we  were  contemplating 
the  systemic  delivery  of  D5-nanomaterials,  Eric  Carboni,  a  student  supported  by  this  award,  performed  some 
experiments  to  understand  the  passage  of  nanomaterials  in  flowing  liquids.  This  work  was  described  in  an 
earlier  progress  report  and  is  reproduced  here. 

Specific  Aim  3  is  directed  at  the  delivery  of  nanoparticles  to  tumor  sites  in  vivo.  While  awaiting  approval  to 
conduct  these  experiments  in  mice,  we  conducted  microfluidic  studies  to  simulate  the  passage  of  these 
nanoparticles  in  blood  vessels.  This  should  be  of  enormous  assistance  in  planning  effective  in  vivo 
experiments. 

When  injected  intravenously,  nanoparticles  must  be  able  to  tolerate  flow  in  blood  vessels  and  resist  aggregation, 
and  must  also  penetrate  and  stay  within  the  tumor  region.  These  particles  are  believed  to  accumulate  in  tumor 
cells  due  to  the  Enhanced  Permeability  and  Retention  (EPR)  effect,  as  a  direct  result  of  the  irregular  and  “leaky” 
vascular  structures  typically  found  in  tumor  sites.' L2'.  Nonnal  endothelial  cell  interstitial  spacing  is  on  the  order 
of  1-2  mn,  whereas  tumor-affected  vasculature  exhibits  a  pore  size  of  anywhere  from  100  to  780  nm.  Many 
studies  postulate  that  this  abnormally  large  pore  size  will  allow  for  enhanced  uptake  of  small,  drug-containing 
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nanoparticles  by  the  tumor,  as  compared  to  regular  tissue.  However,  the  interstitial  fluid  pressure  in  a  tumor  is 
higher  than  the  capillary  pressure  of  blood  vessels  as  a  result  of  protein  buildup  in  the  tumor,  thereby  creating  a 
pressure  gradient  that  leads  to  an  outward  convection  and  low  hydraulic  conductivity,  both  of  which  oppose 
inward  diffusion.  As  a  result,  it  is  questionable  as  to  the  exact  nature  of  the  EPR  effect  and  whether  even  small 
particles,  such  as  drug-containing  solid  lipid  nanoparticles,  will  be  able  to  successfully  diffuse  into  and  remain 
in  the  tumor. 


However,  there  also  exists  the  possibility  that  nanoparticles 
may  exhibit  margination,  wherein  they  are  moved  closer  to  the 
periphery  of  the  blood  vessels  as  a  result  of  the  forces  resulting 
from  blood  flow.  Margination  is  responsible  for  the  movement 
of  white  blood  cells  towards  the  blood  vessel  periphery  and  red 
blood  cells  towards  the  center  of  the  blood  vessel  and  is  a 
result  of  hydrodynamic  forces,  inertial  forces,  and  particle 
shape  and  size.  It  is  vital  to  better  understand  this  phenomena 
before  exploring  the  EPR  effect,  as  margination  has  an 
enonnous  impact  in  drug  delivery  because  it  affects  the 
proximity  of  drug  carriers  to  the  periphery  of  blood  vessels 
and,  by  extension,  the  diffusion  of  the  drug  into  tissue  cells 
from  the  blood  stream. 

Because  of  their  large  aspect  ratio,  it  is  unknown  how 
nanotubes  will  behave  in  blood  flow  and  whether  or  not  they 
will  exhibit  margination.  We  therefore  investigated 
margination  behavior  of  various  shapes  and  sizes  of  particles 
through  the  use  of  microfluidics.  Microfluidics  utilizes  micron- 
scale  devices,  typically  fabricated  using  polydimethylsiloxane 
polymer  via  soft  lithography  techniques.  By  creating  such  a 
device,  a  simulated  channel  can  be  created  and  the  margination  of  carbon  nanotubes  in  a  flowing  media,  such  as 
blood,  can  be  observed  and  studied.  The  goal  is  to  achieve  a  better  understanding  by  observing  the  margination 
effect  in  vitro  and  to  ultimately  characterize  and  accurately  predict  and  model  this  effect  via  experimental  trials 
and  the  use  of  image-analysis  and  particle  tracking  software. 


To  begin,  a  procedure  for  making  microfluidic  devices  was 
developed  with  the  help  of  the  Shor  lab  at  UConn.  Once  devices 
were  easily  reproducible,  a  simple  system  was  used  consisting  of 
spherical  100  mn  diameter  polystyrene  beads  (Fluoresbrite®  YG 
beads;  Polysciences  Inc.)  in  water  in  a  microfluidic  device  (Figure 
9).  These  particles  were  imaged  using  a  confocal  microscope  but 
they  were  very  difficult  to  track  as  an  initial,  model  system.  For  this 
reason,  0.5  micron  beads  were  used  in  order  to  develop  particle 
tracking  procedures. 

It  was  important  to  ensure  a  physiologically  relevant  flow  rate 
before  introducing  blood  into  the  system.  A  flow  rate  of  0.6 
microliters  per  minute  was  calculated,  in  order  to  achieve  the 
physiologically  relevant  flow  rate  of  0.328  mm/s.  This  flow  rate 
was  achieved  via  the  use  of  a  syringe  pump,  which  was  hooked  up 
to  the  microfluidic  device  while  the  device  was  imaged  via  the  use 
of  the  confocal  microscope.  In  order  to  check  that  the  pump  was 
working  properly,  beads  were  tracked  using  ImageJ  software  and 
an  average  velocity  of  0.623  mm/s  was  calculated,  which  is  comparable  to  the  expected  syringe  pump  flow  rate 
of  0.328  mm/sJ3l  This  flow  rate  istherefore  physiologically  relevant. 


5  pm 


Figure  10  Confocal  image  of  fluorescent,  0.5 
micron  polystyrene  beads  (Fluoresbrite® 
Carboxylated  YG  Microspheres  0.5  pm, 
Polysciences  Inc.)  diluted  1:3000  times  in  bovine 
blood  and  flowing  through  a  50  micron  wide  and 
62  micron  deep  channel  in  the  microfluidic  device. 


Figure  9.  Confocal  image  of  0.1  micron  (100  nm) 
polymer  beads  (Fluoresbrite®  YG  Microspheres  0.10 
pm,  Polysciences  Inc.)  in  a  polydimethylsiloxane 
micro  fluidic  device.  The  device’s  main  channel  has  50 
micron  width  and  62  micron  depth  and  bifurcates  into 
a  channel  of  identical  dimensions  (top  channel  in 
figure)  and  a  channel  of  30  micron  width  and  62 
micron  depth  (bottom  channel). _ 


Finally,  a  trial  was  conducted  using  0.5  micron  beads  in  bovine  blood.  As  can  be  seen  in  Figure  10,  the  beads 
can  be  easily  visualized  in  blood  and,  therefore,  are  trackable.  By  using  the  capability  of  the  confocal 
microscope  to  image  only  a  very  thin  depth  of  the  device,  margination  near  the  walls  of  the  device  can  be 
observed  and  particle  motion  and  margination  propensity  can  be  quantified.  Future  trials  will  observe  particle 
behavior  at  the  bifurcation  of  the  device  and  also  the  effects  of  size,  shape,  and  other  properties  on  nanoparticle 
margination  propensity. 
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One  benefit  of  the  relocation  that  occurred  during  the  course  of  this  research  was  that  I  was  able  to  expose  three 
trainees  to  research  in  the  field  of  kidney  cancer  and  nanomaterials.  All  of  these  students  are  still  in  training  at 
the  time  of  writing  of  this  report.  In  addition,  the  sub-awardees  on  this  proposal  conducted  their  research  with 
support  of  graduate  students,  so  that  the  total  number  of  students  exposed  to  this  type  of  research  as  a  result  of 
this  award  is  at  least  four.  Since  the  students  came  from  diverse  backgrounds,  they  each  learned  something 
quite  different:  Peter  Alexander,  a  graduate  student  in  the  Cancer  Bioogy  Program,  learned  a  considerable 
amount  about  materials  science  and  nanoparticles,  whereas  Erik  Carboni  and  Grant  Bouchillion,  graduate 
students  in  Engineering  and  Materials  Science,  were  exposed  to  kidney  cancer  biology  and  models  of  kidney 
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cancer.  All  students  profited  from  studying  the  use  of  nanoparticles  in  anti-cancer  therapy.  As  a  mentor,  I  in 
turn  learned  a  great  deal  from  each  of  these  students,  including  how  to  make  concepts  accessible  to  students 
from  diverse  scientific  backgrounds. 

Specific  training  for  all  trainees  included  one-on-one  work  with  me  and  senior  research  personnel  in  my 
laboratory,  participation  and  presentation  in  group  meetings,  and  formal  presentations  in  Departmental 
seminars.  In  addition,  Peter  Alexander  attended  the  Nano  Conference  in  January  2011  sponsored  by  the 
American  Association  for  Cancer  Research.  He  also  attended  the  NCL  Lessons  Learned  Workshop  sponsored 
by  the  National  Cancer  Institute  NanoCharacterization  Laboratory  in  June  2011.  He  formally  presented  his 
research  at  in  an  invited  seminar  at  Wistar  Institute  in  Pennsylvania  in  201 1.  In  2012,  he  attended  the  national 
meeting  of  the  American  Association  for  Cancer  Research.  Erik  Carboni  presented  an  abstract  at  the  84th 
Annual  Meeting  of  the  Society  of  Rheology  in  2013. 
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Fluorinated  Graphene  Oxide;  a  New  Multimodal 
Material  for  Biological  Applications 


Rebeca  Romero-Aburto,  Tbarangattu.  N.  Narayanan,  Yutaka  Nagaoka,  Takashi  Hasumura, 
Trevor  M.  Mitcham,  Takahiro  Fukuda,  Paris J.  Cox,  Richard  R.  Bouchard,  Torn  Maekawa, 
D.  Sakthi  Kumar,  Suzy  V.  Torti,  Sendurai  A.  Mani,':<  and  Pu Ticket  M.  Ajayan * 


Recent  advancement  in  drug  delivery  using  nanotechnology 
achieves  enhanced  circulation  half-life  and  controllable  drug 
release.  Some  of  the  newer  drug  delivery  approaches  utilize  a 
combination  of  materials  to  achieve  multimodality,  such  as,  one 
material  serves  as  a  biocompatible  photothermal  near  infra-red 
(NIR)  laser  inducible  agent  that  can  be  loaded  with  drug,  while 
the  second  material  in  the  system  might  work  as  a  clinical 
contrast  agent  for  magnetic  resonance  imaging  (MRI)  or  ultra¬ 
sound.  However,  few  single  materials  with  such  multimodal 
capabilities  are  reported.!1,2! 

Among  the  known  multimodal  composites,  the  most  widely 
used  consists  of  gold  nanoparticles  (AuNPs)  that  are  color  tun¬ 
able  from  the  visible  to  NIR  region.  In  addition  to  inducing 
hyperthermia  and/or  drug  release  due  to  their  plasmonic  prop¬ 
erties.!3-7!  Carbon  materials,  such  as  carbon  nanotubes  (CNTs), 
graphene  and  specifically  graphene  oxide  (GO)  have  been 
studied  for  biological  applications  including  drug  delivery,  and 
biosensing. I8-22!  The  presence  of  diverse  functional  groups  in 
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GO  allow  chemical  incorporation  of  targeting  agents,  or  thera¬ 
peutically  relevant  molecules, !23_2S1  such  as  physical  adsorption 
via  n-7i  stacking  interactions.!27!  Due  to  the  excellent  charge 
transfer  properties  of  CNTs  and  GO,  they  have  been  used  to 
achieve  hyperthermia.!28!  However,  for  MRI,  either  gold  nano¬ 
particles  or  carbon  nanomaterials  are  not  sufficient  to  perform 
as  contrast  agents.  Therefore,  super-paramagnetic  iron  oxide 
nanoparticles  (SPION)  have  been  assorted  with  approaches 
containing  AuNPs,!29,30!  CNT's  or  GO!31-34!  to  create  composites 
that  serve  as  MRI  contrast  agents.  MRI  is  desirable  due  to  the 
ability  to  resolve  physiological  and  anatomical  details  without 
utilizing  ionizing  radiation.  Until  now,  there  are  no  reports  that 
show  carbon  materials  conferring  MRI  contrast  without  the 
incorporation  of  magnetic  nanoparticles. 

In  addition  to  the  above  mentioned  agents,  fluorinated  (19F) 
contrast  agents  are  highly  desirable  due  to  the  scarce  distri¬ 
bution  of  fluorine  in  the  human  body  and  their  ability  to  be 
detected  by  magnetic  resonance  imaging  (MRI)!35!  as  well  as 
ultrasound.!36!  Moreover,  several  fluorine  (F)  containing  com¬ 
pounds  have  also  been  widely  used  in  medicine  as  therapeutic 
drugs.!37!  At  present,  to  achieve  combined  MRI  and  ultrasonog¬ 
raphy,  perfluorocarbon  microbubbles  (PFCMB),  the  state  of  the 
art  in  contrast  agents  for  ultrasonography,!38,39!  have  been  com¬ 
bined  with  SPIONs  to  confer  MRI  detection. !401 

Recently,  we  developed  a  novel  method  to  synthesize  large 
quantities  of  fluorinated  graphene  oxide  (FGO),  and  extensive 
characterization  of  the  material  has  been  reported.!41,42!  In  this 
manuscript  we  demonstrate  FGO  as  a  multimodal  material  for 
biological  applications.  In  fact,  we  found  FGO  being  the  first 
carbon  material  to  confer  MRI  without  the  addition  of  mag¬ 
netic  nanoparticles.  Similar  to  GO,  synthesized  FGO  has  sev¬ 
eral  functional  groups  in  its  lattice  thus  allowing  for  the  same 
diverse  chemical  functionalization  and  loading  capabilities  as 
GO.  Moreover,  FGO  like  other  carbon  materials  is  proven  to 
absorb  NIR-laser  energy  and  efficiently  transform  it  into  heat. 
MRI  studies  conducted  on  FGO  phantoms  were  seen  to  exhibit 
higher  negative  contrast  than  GO  phantoms.  Under  a  rotational 
magnetic  field  FGO  is  responsive  to  a  12  mT  field.  Ultrasound 
showed  FGO  to  be  hyperechoic  in  comparison  to  anechoic  agar. 
In  summary,  we  report  FGO  as  a  single  multimodal  material 
capable  of  serving  as  a  contrast  agent  for  MRI,  ultrasound  and 
photoacoustic  imaging.  Furthermore,  FGO  serves  as  a  targ- 
etable  drug  carrier  and  NIR  laser  inducible  hyperthermic  mate¬ 
rial  that  can  ablate  thermosensitive  cancer  cells. 

Although  GO  has  been  extensively  reported  for  its  biomedical 
applications,  including  in  vivo  strategies,  recent  reports  suggest 
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that  various  negatively  charged  functional  groups  present  in 
GO  can  induce  thromboembolism  (aggregation  of  platelets  in 
blood). I43'  Singh  et  al.  reported  that  surface  charge  of  graphene 
could  play  a  key  role  in  the  interaction  between  graphene  and 
platelets.  Furthermore,  they  demonstrated  that  amine  function¬ 
alized  graphene  is  a  better  candidate  for  biomedical  applica¬ 
tions  due  to  its  positive  surface  charge,  hence  avoiding  throm¬ 
botic  and  hemolytic  predisposition.'44'  This  can  be  due  to  the 
-NH3+  formation  of-NH2  with  the  adjacent  proton  in  solution 
or  at  the  interface  with  biomolecules.  Fluorine  also  modifies 
the  electronic  properties  of  graphene  by  reducing  the  charge  in 
the  conducting  n  orbitals. I45'  Hence  low  level  inhomogeneous 
doping  of  highly  electronegative  F  can  induce  partial  positive 
surfaces  on  graphene.  However,  complete  spatial  charge  sepa¬ 
ration  is  unlikely  due  to  the  high  charge  mobility  of  graphene. 
The  hydrophobic  centers  in  FGO  (or  fluorinated  graphene 
in  the  case  of  reduced  FGO)  may  also  act  as  energetic  bar¬ 
riers  between  platelet  membrane  and  FGO,  hence  preventing 
thromboembolism.  Moreover,  F  doping  can  greatly  increase  the 
lipophilicity  of  drug  carrier/molecule,  an  important  considera¬ 
tion  when  designing  drug  delivery  systems/molecules  that  are 
designed  to  be  active  in  vivo.]46! 

Similar  to  oxidizing  chemical  exfoliation  of  the  graphite 
basal  plane,  which  introduces  functional  groups  generating 
GO,]47-48!  we  exfoliated  fluorinated  graphite  and  produced  FGO. 
The  resulting  FGO  is  composed  of  alkyl  fluorides,  epoxy,  car¬ 
bonyl,  carboxylic  and  hydroxyl  groups  covalently  bonded  to  the 
carbon  lattice.]41]  Most  importantly,  addition  of  these  oxygen 
functionalities  makes  FGO  hydrophilic.]41!  Further  characteriza¬ 
tion  of  FGO  suggested  a  sheet  like  morphology  evidenced  by 
atomic  force  microscopy  (AFM)  (Figure  1A,  Figure  S1A,  Sup¬ 
porting  Information),  transmission  electron  microscopy  (TEM) 
(Figure  IB)  and  scanning  electron  microscopy  (SEM)  (Figure 
SIB,  Supporting  Information),  corresponding  to  traditional  2D 
graphene  material.  The  AFM  results  suggest  that  the  thickness 
of  a  typical  FGO  sheet  is  <1  nm,  indicating  the  presence  of  1-2 
layered  FGO.  The  lateral  width  seems  to  be  around  1  pm  and  it 
correlates  with  the  TEM  data. 

Incubation  of  FGO  with  cells  from  the  human  breast  cancer 
cell  line,  MCF-7,  did  not  show  any  cytotoxicity  even  after  3  days 
with  a  concentration  of  up  to  576  pg  mL_1  (Figure  1C).  This 
clearly  shows  that  FGO  is  potentially  nontoxic  similar  to  the 
previous  finding  for  GO  using  various  other  cell  lines,  predomi¬ 
nantly  due  to  the  availability  of  various  oxygen  containing  func¬ 
tional  groups.  I49~51l 

Functional  groups  in  FGO  permit  n-n  stacking  interactions 
or  covalent  bonding  of  therapeutic  and  targeting  agents.  To  load 
chemotherapeutics,  such  as  Doxorubicin  (DOX)  by  means  of 
K-n  stacking  interactions,  DOX  was  mixed  with  FGO-COOH 
(1:1  v/v)  overnight  at  4  °C  and  after  centrifugal  washes  to  sepa¬ 
rate  the  unbound  drug  UV-vis  spectroscopic  analysis  was  per¬ 
formed  to  identify  the  interaction  between  DOX  molecule  and 
FGO.  DOX  (=480  nm)lS2l  as  well  as  FGO  (=230  nm)]24'  displayed 
their  characteristic  peaks  in  UV-vis  spectra  consistent  with  ear¬ 
lier  reports.  Besides,  an  additional  peak  is  observed  at  =490  nm 
in  FGO  loaded  with  doxorubicin  (FGO-DOX)  indicative  of  DOX 
interaction  with  FGO  through  non-covalent  attractive  forces 
(Figure  ID). I53'  Moreover,  using  photoluminescence,  we  found 
a  reduction  in  DOX  fluorescence  due  to  quenching  mediated 
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Figure  1.  FGO  Characterization.  A)  AFM  analysis  of  FGO  including  height 
profile.  B)  TEM  image  of  FGO.  C)  Concentration  and  time  dependent 
MTT  assay  to  determine  cell  viability  after  incubation  with  FGO,  T(10)  is 
the  positive  control  (taxol  10  pg  mf).  Bars  denote  mean  standard  devia¬ 
tion  error.  D)  Absorption  spectra  of  FGO-DOX  (blue),  DOX  (red)  and 
FGO  (black).  E)  Photoluminescence  spectra  of  FGO-DOX  (blue),  DOX 
(red),  FGO  (black). 


by  the  interaction  with  FGO  (Figure  IE).  Collectively,  these  data 
suggest  that  FGO  could  be  used  to  non-covalently  load  thera¬ 
peutic  agents. 

The  presence  of  fluorine  in  FGO's  basal  plane  (dipolar  C-F 
bonds)  can  introduce  paramagnetic  centers.  In  fact,  using  super¬ 
conducting  quantum  interference  device  (SQUID)  characteriza¬ 
tion  at  300  K,  we  found  a  linear  dependency  to  the  magnetic  field, 
proving  that  FGO  exhibits  paramagnetic  behavior  (Figure  2A). 
Since  FGO  is  responsive  to  a  5  T  magnetic  field  (Figure  2A),  we 
scanned  MRI  phantoms  on  a  4.7  T  Biospec  System  (Figure  2B) 
to  determine  if  FGO  could  serve  as  an  MRI  contrast  agent. 
Due  to  structural  similarities  between  FGO  and  GO,  we  com¬ 
pared  them  for  their  ability  to  serve  as  MRI  contrast  agents. 
As  predicted,  FGO  exhibits  contrast  in  T2  mode  (Figure  2B) 
while  GO  did  not.  We  used  relaxed  water  (0.5  mg  mL"1 
of  magnevist)  as  a  positive  control.  This  suggest  that  the  par¬ 
amagnetic  behavior  in  FGO  is  attributed  to  the  presence  of 
fluorine  (C-F  bonds),  therefore  in  biological  environments, 
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Figure  2.  Magnetic  properties  of  FGO.  A)  SQUID  magnetization  curve. 

B)  Spin-spin  (T2)  relaxation  measurements  acquired  on  a  4.7  T  MRI  of 
FGO  (I:  o  =  625,  c  =  500;  II:  a  =  313,  c  =  250;  ill:  a  =  156,  c  =  125pg  ml.-1) 
and  GO  (l:fa  =  625,d  =  500;  II:  b  =  313,  d  =  250;  III:  b  =  1 56,  d=  1 25|tg  mU1). 
The  positive  control  (*)  consists  of  diluted  magnevist  (0.5mg  mL-'). 

C)  Rotational  magnetic  field  snapshots  of  FGO  under  a  field  of  12  mT, 
rotation  is  clockwise. 


Figure  3.  Ultrasound  and  photoacoustic  behavior  of  FGO.  A)  Ultrasound 
imaging  of  FGO,  B)  Agar  and  C)  perfluorocarbon  microbubbles  (PFCMB) 
in  a  40  MHz  linear  array  transducer.  D,E)  Photoacoustic  FGO  gelatin 
phantom  under  a  21  MHz  ultrasound  equipment  coupled  with  a  Visual- 
Sonics  Vevo  LAZR  system  at  720  nm.  F)  Photoacoustic  normalized  signal 
spectrum  of  FGO  (blue)  and  GO  (black). 


materials  like  FGO  will  have  higher  signal  to  noise  ratio 
because  of  the  scarce  distribution  of  19F  as  opposed  to  protons 
(4H)  in  the  body.  To  further  test  FGO’s  magnetic  response, 
rotational  magnetic  field  experiments  were  performed  under 
an  optical  microscope  (details  are  provided  in  the  supporting 
information)  and  snapshots  taken  from  the  recorded  video  frag¬ 
ments  (Figure  2C).  The  results  show  that  FGO  can  be  mag¬ 
netically  triggered,  even  with  a  small  system  of  electromagnets 
having  a  magnetic  field  of  12  mT,  which  is  further  evident  in 
the  video  (Supporting  Information,  Video  1).  This  emphasizes 
the  dramatic  change  in  physical  properties  of  GO  due  to  the 
presence  of  small  amounts  of  F  in  its  lattice. 

Earlier  experiments  conducted  to  compare  diagnostic  tech¬ 
niques  to  detect  breast  cancer  revealed  that  the  combination  of 
MRI  and  ultrasound  yields  the  best  results.!54'  Since  FGO  has 
been  proven  to  confer  MRI  contrast;  we  also  investigated  its 
ability  as  an  ultrasound  detection  agent.  FGO  was  imaged  at  a 
40  MHz  center  frequency  and  generated  appreciable  acoustic 
backscattering,  as  demonstrated  by  the  hyperechoic  regions 
in  Figure  3 A.  As  expected,  pure  agar  without  added  scatterers, 


which  served  as  the  negative  control,  presented  as  entirely 
anechoic  (Figure  3B),  while  the  positive  control  PFCMB,  gen¬ 
erated  a  strong  backscatter  signal  (Figure  3C).  Most  impor¬ 
tantly,  we  observed  a  strong  backscatter  signal  using  FGO’s 
(291.2  |tg  mL-1),  which  is  qualitatively  significantly  stronger 
than  pure  agar.  These  results  suggest  that  FGO  could  be  used 
as  an  ultrasound  contrast  agent.  The  spectroscopic  imaging 
of  FGO  and  GO  generated  similar  photoacoustic  signal  spec¬ 
trum  (Figure  3F),  which  peaked  at  720  nm.  When  evaluated  at 
a  preclinical  frequency  (21  MHz),  FGO  was  well  visualized  with 
PA  imaging  (Figure  3E),  while  it  was  poorly  visualized  when 
relying  on  ultrasound  alone  (Figure  3D).  The  inability  of  FGO 
to  provide  a  better  ultrasound  signal  is  probably  due  to  the 
reduction  in  frequency  from  40  to  21  MHz. 

The  value  of  a  drug  carrier  like  FGOs  can  be  maximized  if 
this  material  can  be  photoheated,  due  to  its  applicability  as  a 
cancer  photothermal  therapy.'55-57!  Cell  culture  conditions  were 
used  to  investigate  the  hyperthermic  ability  of  FGO  when  irra¬ 
diated  with  an  800  nm  NIR  laser  (Chameleon  Ultra,  Coherent 
Inc.),  with  a  power  of  1.6  W  (details  are  given  in  experimental 
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Figure  4.  Hyperthermia  cell  ablation  facilitated  by  FGO.  A)  NIR-laser- 
induced  hyperthermia  of  DMEM  (-)  FGO  and  of  (+)  FGO.  Each  con- 
focal  plate  length  is  35  mm.  B)  In  vitro  NIR-laser  induced  differential 
photothermal  ablation  of  glioma  cells  (G 1-1 )  incubated  with  0  |ig  mL-1  of 
FGO  (top)  or  133  pg  mb1  of  FGO  (bottom)  using  an  apoptotic/necrotic 
staining  and  observed  by  optical  microscopy. 


section).  Temperature  of  the  tissue  culture  sample  containing 
FGO  increased  to  62.3  °C  within  1  min  of  irradiation,  rela¬ 
tive  to  control  culture  media  without  FGO,  which  remained 
at  <25.0  °C  following  irradiation  (Figure  4A).  To  test,  whether 
NIR  laser  energy  transformed  to  heat  by  FGO  could  induce  cell 
death,  we  exposed  glioma  cancer  cells  (GI-1),  in  the  presence 
and  absence  of  FGO  and  irradiated  them  with  NIR  laser.  The 
cells  containing  FGO  exhibited  significant  cell  death  evidenced 
by  an  increase  in  staining  for  necrosis  related  to  propidium 
iodide  as  well  as  apoptosis  related  annexin-5-fluorescein  iso¬ 
thiocyanate  (annexin-V-FITC)  (bottom  panel  of  Figure  4B) 
compared  to  the  cells  without  FGO  (top  panel  of  Figure  4B). 
Collectively,  these  findings  indicate  that  FGO  could  be  used  to 
increase  the  local  temperature  and  induce  cell  death.  Since  we 
observed  that  heat  dissipation  occurs  within  1  min  after  laser 
irradiation  and  there  are  no  indicatives  of  apoptosis  or  necrosis 
outside  the  irradiation  radial  zone;  suggesting  that  FGO  can 
be  used  to  specifically  ablate  cancer  tissues  without  damaging 
nearby  healthy  tissues  (top  panel  of  Figure  4B)J581 

The  results  presented  here  indicate  that  FGO  is  a  theranostic 
material  that  exhibits  multimodal  imaging,  including  MRI, 


ultrasound  and  photoacoustic.  Furthermore,  drug  loading  as 
well  as  the  ability  to  induce  hyperthermia  via  NIR  laser  can  be 
achieved  with  FGO.  A  strong  backscattering  signal  from  FGO 
was  observed  under  ultrasonography,  opening  the  possibility 
for  a  second  imaging  modality.  One  limitation  of  using  FGO  in 
ultrasonography  is  the  requirement  of  micron-size  scatterers, 
which  would  tend  to  limit  the  agent  to  the  vasculature.  Nev¬ 
ertheless,  for  photoacoustic  imaging,  the  scatterer's  size  is  no 
longer  a  requirement.  Therefore,  FGO’s  ability  to  absorb  NIR 
laser  energy  makes  it  suitable  for  photoacoustic  imaging,  thus 
enabling  micro  or  nanoscopic  FGO  to  be  employed  in  strate¬ 
gies  that  seek  crossing  the  vasculature.  Additionally,  the  ability 
to  convert  the  absorbed  NIR  laser  energy  into  heat  to  increase 
the  local  temperature  could  serves  as  an  excellent  therapeutic 
agent  against  cancer  cells  that  are  sensitive  to  higher  tempera¬ 
tures.  The  induced  hyperthermia  can  potentially  be  employed 
as  a  release  mechanism  for  therapeutic  agents  that  have  been 
conjugated  to  FGO.  Moreover,  attaching  a  targeting  entity  to 
the  loaded  nano-FGO  will  facilitate  selective  targeting  to  the 
tumor  environment  or  tissue  of  interest. 

In  conclusion,  we  found  that  FGO  is  a  novel  carbon  mate¬ 
rial  with  clinically  translatable  multimodal  capabilities.  These 
include,  the  ability  to  serve  as  MRI,  ultrasound  and  photoa¬ 
coustic  contrast  agents,  as  well  as  having  the  potential  to  load 
hydrophobic  therapeutic  agents  to  the  hydrophilic  FGO  basal 
plane.  Notably,  it  can  serve  as  a  photothermal  ablation  agent 
when  irradiated  with  a  NIR  laser.  Future  refinement  and  dif¬ 
ferential  size  selection  of  FGO  as  well  as  testing  targeted  nano- 
FGO  for  its  synergistic  hyperthermia  and  drug  release  in  vitro 
and  in  vivo  will  make  FGO  a  more  attractive  agent  for  various 
diseases  including  cancer. 


Experimental  Section 

Preparation  of  Fluorinated  Graphene  Oxide  (FGO):  Briefly,  graphite 
fluorinated  polymer  (2  g)  (Alfa  Aesar,  Ward  Hill,  MA,  USA)  was  exfoliated 
using  the  modified  Hummer’s  method.  A  detailed  synthesis  protocol 
has  been  reported  elsewhere. I41,47l 

Particle  Shape  and  Morphology:  Drop-cast  powder  FGO  morphology 
was  obtained  by  field  emission  SEM  (FEI  Quanta  400)  with  a  working 
voltage  of  10  kV.  A  JEOL  2100  field  emission  gun  transmission  electron 
microscope  was  used  to  image  the  drop-cast  FGO  solution  on  a  copper 
holey  carbon  grid  with  a  working  voltage  of  200  kV.  AFM  images  were 
obtained  at  ambient  conditions  using  an  Asylum  Research  model 
MFP-3D  instrument. 

Cytotoxicity  Studies:  Cells  were  cultured  and  maintained  in  Dulbecco’s 
modified  Eagle  medium  (DMEM)  (Invitrogen)  containing  fetal  bovine 
serum  (FBS)  (10%)  and  penicillin/streptomycin  (P/S)  (1%)  antibiotics. 
The  same  medium  was  used  as  a  solvent  for  the  serial  dilutions  of  FGO. 
Cells  from  a  human  breast  cancer  cell  line,  MCF-7  (from  ATCC),  were 
seeded  in  a  96-well  plate  (1  x  103  cells/well;  100  gF/well)  and  incubated 
for  1  day  to  allow  cell  adhesion  to  the  plate.  On  the  following  day, 
different  concentrations  of  FGO  (50  pF)  were  added  to  each  well  giving 
final  concentrations  of  72,  144,  287,  and  575  gg  mL4  respectively  and 
incubated  for  24,  48  and  72  h.  At  the  end  of  the  study,  3-(4,5-dimethyl-2- 
thiazolyl)-2,5-diphenyltetrazolium  bromide  (MTT)  (5  mg  mL4,  50  pF/well) 
was  added  and  incubated  for  4.5  h.  After  MTT  removal,  dimethyl  sulfoxide 
(DMSO)  (200  pL/well)  was  added;  the  reagent  was  left  for  10  min 
before  optical  density  of  solubilized  formazan  salts  was  assessed  at 
570  nm  in  a  pQuantplate  reader  (Bio-Tek  Instruments  Inc.) 

Drug-Loading  Characterization:  Room-temperature  absorbance 
measurements  were  carried  out  in  a  Beckman  Coulter  DU730 
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spectrophotometer  from  200  to  700  nm.  Photoluminescence 
experiments  were  done  in  a  Hitachi  F-4500  fluorescence  spectrometer 
with  a  150  W  Xe  lamp  as  a  light  source  (Ae>,  =  300  nm)  and  a  step  of 
0.2nm. 

Magnetization  Measurements :  A  superconducting  quantum 
interference  device  (SQUID)  (Quantum  Design)  was  used  to  measure 
the  room-temperature  magnetic  properties  of  the  FGO  powders. 

Magnetic  Resonance  Imaging  (MRI)  Phantoms:  All  the  relaxation 
measurements  were  performed  using  a  4.7  T  Biospec  system  (Bruker 
Biospin  MRI,  Billerica,  MA)  with  a  30  cm  bore,  imaging  gradients  with 
an  inner  diameter  of  60  mm,  and  a  volume  resonator  with  35  mm  inner 
diameter.  Serial  dilutions  of  the  contrast  agent  were  sealed  in  NMR 
spectroscopy  tubes  and  suspended  in  relaxed  water  in  order  to  minimize 
the  effects  of  susceptibility  differences  between  the  samples  and  their 
surroundings.  Spin-spin  (T2)  relaxation  times  were  measured  using 
a  multiecho  spin-echo  sequence  (TEmin  =  8.5  ms,  with  8.5  ms  echo 
spacing  over  24  echoes;  TR  =  5000  ms).  All  the  images  were  acquired 
with  matching  slice  geometry  (1  mm  axial  sections,  32  mm  x  32  mm 
field-of-view  over  a  64  x  64  image  matrix). 

Ultrasound  and  Photoacoustic  Phantoms:  Photoacoustic  and 
ultrasound  imaging  were  performed  using  VisualSonics  Vevo  LAZR- 
2100  high-frequency  photoacoustic  and  VisualSonics  VEVO  770  B-mode 
ultrasound  system.  In  the  ultrasound  imaging  study,  acoustic  coupling 
was  achieved  through  ultrasound  gel.  Ultrasound  phantom  plates  were 
scanned  using  a  40  MHz  linear  array  transducer,  to  acquire  a  cross- 
sectional  image.  The  gain  was  set  to  10  dB,  and  all  the  samples  were 
scanned  under  the  same  experimental  conditions.  In  the  photoacoustic 
imaging  study,  FGO  was  imaged  spectroscopically  with  a  21  MHz  linear 
array  from  680  to  970  nm  to  determine  the  peak  signal  produced  by 
FGO  and  GO.  FGO  gelatin  phantoms  were  then  imaged  at  720  nm  to 
acquire  a  cross-sectional  image;  acoustic  coupling  was  achieved  through 
a  distilled  water  bath. 

NIR  Laser-Induced  Photoheating:  The  irradiation  power  of  the  NIR 
laser  was  1.6  W,  determined  by  a  power  meter  (VEGA,  OPHIR  Japan, 
Ltd.).  In  situ  samples  where  exposed  for  1  min  to  the  NIR-laser  and  the 
thermal  profiles  were  measured.  The  sample  preparation  consisted  of 
aqueous  solution  of  FGO  (1  mg  mL~\  100  |tL)  added  to  a  confocal  plate 
(35  mm)  containing  DMEM  (50  pL).  The  negative  control  consisted 
of  DMEM  (150  pL)  added  into  a  confocal  plate  (35  mm).  To  measure 
the  thermal  gradient  we  used  a  thermal  imager  test  881-2  (Testo  AG, 
Germany).  All  the  thermal  data  was  analyzed  with  Testo  IR  software.!59! 

In  Vitro  Hyperthermia  Induced  by  NIR  Laser:  Glioma  (G 1-1 )  cells  (from 
Riken  Bio  Resource  Center,  Japan)  (5  X  104  cells  per  well)  were  seeded 
on  a  confocal  plate  (35  mm)  with  DMEM  and  incubated  overnight  at 
37  °C  and  5%  C02.  Sample  preparation  consisted  of  washing  the  cells 
with  warm  PBS  and  adding  FGO  (0,  400  pg  mL_1,  50  pL)  respectively 
to  the  confocal  plate  that  already  had  fresh  warm  DMEM  (100  pL).  The 
experimental  conditions  were  the  same  as  the  in  situ  experiment.  After 
laser  exposure,  cells  were  washed  and  stained  using  Annexin  V-FITC 
apoptosis  detection  kit  and  its  protocol.  After  incubation  in  darkness, 
the  cells  were  observed  at  a  magnification  of  20x  under  an  inverted 
confocal  microscope  1X81  (Olympus  Corp.)  with  a  confocal  scanning 
unit  CSU-X1  (Yokogawa  Electric  Corp.)  and  coupled  to  an  iXon  DU897 
CCD  camera  (Andor  Technology)  utilizing  laser  wavelengths  of  488  and 
561  nm  as  well  as  phase  contrast  acquisition. 
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17.1  Introduction 

Carbon  nanotubes  (CNTs)  have  generated  enormous  inter¬ 
est  for  a  wealth  of  applications  including  field  emission  (Saito 
et  al.  2002;  Milne  et  al.  2004),  energy  storage  (Patchkovskii  et 
al.  2005),  molecular  electronics  (Javey  et  al.  2003;  Keren  et  al. 
2003;  Weisman  2003),  and  atomic  force  microscopy  (Wong  et  al. 
1998).  These  nanoparticles  exhibit  a  number  of  novel  properties 
including  extraordinary  strength,  unique  electrical  properties, 
and  a  specific  heat  and  thermal  conductivity  that  are  among  the 
highest  known  for  any  material  (Iijima  1991;  Dresselhaus  et  al. 
1995;  Berber  et  al.  2000). 

CNTs  were  first  characterized  by  Ijima  (1991)  more  than  two 
decades  ago.  Initially,  they  were  described  as  cylindrical  mol¬ 
ecules  of  pure  carbon  ranging  from  1.4  nm  in  diameter  for  a 
single-walled  nanotube  (SWNT)  to  30-50  nm  for  concentri¬ 
cally  arranged,  multiwalled  nanotubes  (MWNT)  and  possessed 
widely  variable  lengths  on  the  order  of  several  microns.  Advances 
in  the  synthesis  and  processing  of  nanotubes  have  now  made 
it  possible  to  produce  nanotubes  with  both  well-defined  wall 
numbers  and  narrow  length  distributions  ranging  from  tens  of 
nanometers  (ultrashort  nanotubes)  to  several  microns.  Methods 
to  synthesize  CNTs  include  arc  discharge  (Ebbesen  and  Ajayan 
1992),  laser  vaporization  of  graphite  (Puretzky  et  al.  2000), 
magnetic  field  synthesis  (Doherty  et  al.  2006),  chemical  vapor 
deposition  using  gaseous  metal  catalysts  such  as  cobalt,  nickel, 
molybdenum,  or  iron  (Cassell  et  al.  1999;  Nobuhito  et  al.  2007), 
or  water-assisted  chemical  vapor  deposition  (Hata  et  al.  2004). 


CNTs  possess  high  aspect  ratios  (the  ratio  of  the  longer  dimen¬ 
sion  to  the  shorter  dimension).  The  large  surface  area  allows  con¬ 
jugation  of  multiple  moieties  including  peptides,  proteins,  nucleic 
acids,  radionuclides,  other  nanoparticles,  and  drugs  to  the  sur¬ 
face  of  these  nanoparticles  (Pantarotto  et  al.  2003;  Pantarotto  et 
al.  2004a,  2004b;  Kam  et  al.  2005;  Singh  et  al.  2005;  Kam  and  Dai 
2005a;  Lacerda  et  al.  2006)  and  permits  a  strong  amplification  of 
signals  generated  from  these  agents  (Ajayan  et  al.  2002;  Patri  et 
al.  2004;  Talanov  et  al.  2006).  Because  of  these  exploitable  prop¬ 
erties,  it  is  not  surprising  that  CNTs  have  been  studied  for  appli¬ 
cations  to  enhance  the  treatment  of  human  malignancies  (Kim 

2007) .  Over  the  past  decade,  investigations  into  the  use  of  CNTs 
for  biomedical  applications  have  greatly  increased.  Of  particular 
interest  is  their  ability  to  act  as  delivery  vehicles  for  anticancer 
agents,  including  chemotherapeutic  agents  (Feazell  et  al.  2007; 
Liu  et  al.  2008),  radionuclides  (McDevitt  et  al.  2007),  and  nucleic 
acids  (Wang  et  al.  2008).  Furthermore,  they  have  been  shown  to 
be  effective  as  antitumor  vaccine  delivery  systems  (Meng  et  al. 

2008)  and  as  cancer  imaging  and  diagnostic  agents  in  animal 
models  (Yu  et  al.  2006).  The  attractiveness  of  CNTs  for  use  in 
these  applications  derives  from  their  ability  to  easily  cross  cell 
membranes  (Shi  Kam  et  al.  2004;  Kostarelos  et  al.  2007;  Selvi  et 
al.  2008)  as  well  as  their  ability  to  be  functionalized  with  target- 
specific  molecules  that  preferentially  target  cancer  cells  (Liu  et 
al.  2007;  Chen  et  al.  2008;  Kostarelos  et  al.  2009). 

Another  feature  of  CNTs  that  renders  them  particularly 
well  suited  for  anticancer  therapy  is  their  ability  to  act  as  high- 
efficiency  absorbers  of  near-infrared  radiation  (NIR)  to  promote 
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the  generation  of  therapeutic  heat  specifically  in  tumors  (Torti 
et  al.  2007;  Chakravarty  et  al.  2008;  Klingeler  et  al.  2008;  Biris  et 
al.  2009;  Burke  et  al.  2009;  Day  et  al.  2009;  Marches  et  al.  2009; 
Zhou  2009;  Boldor  et  al.  2010;  Burlaka  et  al.  2010;  Fisher  et  al. 
2010;  Picou  et  al.  2010).  CNTs  are  amenable  to  stimulation  by  a 
range  of  energy  sources  including  NIR,  microwave  (MW),  and 
radio-frequency  (RF)  radiation  emitters  directed  at  the  site  of 
the  CNTs  from  outside  the  body.  Following  exposure  to  electro¬ 
magnetic  radiation,  CNTs  release  vibrational  energy  and  deliver 
substantial  heat  to  the  tumor  site.  Because  of  their  potential  to 
deliver  multiple  rounds  of  heat  therapy  in  a  noninvasive  man¬ 
ner  and  their  imaging  capabilities,  which  permits  more  precise 
localization  of  heat  delivery  (Ding  et  al.  2011),  CNTs  have  poten¬ 
tial  to  improve  the  thermal  treatment  of  cancer.  Although  other 
nanomaterials  share  some  of  these  properties,  CNTs  offer  per¬ 
haps  the  best  combination  of  attributes  for  the  development  of  a 
noninvasive,  thermal  therapy. 

In  this  chapter,  we  will  examine  the  rationale  for  using  CNTs 
for  photothermal  cancer  therapy.  The  differences  in  heating 
properties  between  carbon  nanomaterials  and  various  sources 
of  radiation  will  be  discussed  below.  We  will  consider  current 
knowledge  that  could  be  used  to  optimize  the  design  of  CNTs  for 
heat  generation  and  localization,  and  analyze  the  current  state  of 
CNT-based  anticancer  photothermal  therapy  (PTT).  Finally,  we 
will  examine  at  the  prospects  of  translating  CNT-based  photo¬ 
thermal  therapeutics  to  the  clinic. 

17.2  Photothermal  Properties  of  CNTs 

The  interaction  of  light  with  CNTs  is  important  for  a  number  of 
applications,  including  biomedical  use  in  PTT.  For  PTT,  a  photo¬ 
thermal  sensitizer  delivered  to  cancer  cells  is  excited  by  a  specific 
wavelength  of  light,  generally  in  the  NIR  region  of  the  electro¬ 
magnetic  spectrum  (700-1100  nm),  which  in  turn  causes  the 
photosensitizer  to  enter  an  excited  state  and  release  vibrational 
energy  that  is  transformed  into  heat,  leading  to  cell  death  (Kam 
et  al.  2005;  Torti  et  al.  2007).  Because  biological  systems  largely 
lack  chromophores  that  absorb  in  the  NIR  region,  transmission 
of  NIR  light  through  the  body  is  poorly  attenuated  (Konig  2000; 
Weissleder  2001).  As  noted  earlier,  CNTs  possess  an  extremely 
broad  electromagnetic  absorbance  spectrum,  covering  not 
only  the  NIR  window,  but  both  the  RF  and  MW  bands  as  well 
(Gannon  et  al.  2007).  This  suggests  that,  in  conjunction  with 
an  appropriate  energy  source,  CNTs  can  be  used  to  treat  deeply 
seated  lesions  without  the  need  for  direct  access  to  the  tumor  site. 
Although  the  photophysical  effects  governing  the  interaction  of 
CNTs  with  electromagnetic  energy  have  been  studied  through 
Raman  scattering,  fluorescence,  and  nonlinear  optical  analysis 
(Avouris  et  al.  2008;  Biris  et  al.  2011;  Kanemitsu  2011;  Lehman  et 
al.  2011;  Saito  et  al.  2011;  Yin  et  al.  2011),  more  research  is  needed 
to  develop  a  clear  understanding  of  these  properties.  It  appears 
that  CNTs  act  as  ballistic  conductors  due  to  lack  of  energy  dis¬ 
sipation  through  electron  movement  and  quantized  resistance, 
which  are  related  to  low  dimensionality  and  quantum  confine¬ 
ment  of  electrons  within  the  carbon  lattice  of  the  nanotube  wall 


(Brigger  et  al.  2002;  Schonenberger  and  Forro  2000).  Because  of 
this,  the  specific  structure  of  the  nanotube,  especially  the  num¬ 
ber  of  walls,  has  a  great  effect  on  the  efficiency  of  this  material  for 
use  in  photothermal  applications.  In  the  following  section,  we 
will  examine  the  role  nanotube  structure  plays  in  determining 
the  photothermal  heat  transduction  efficiency  of  CNTs. 

17.2.1  Effect  of  Nanotube  Structure 
on  Photothermal  Properties 

After  excitation  by  electromagnetic  energy,  CNTs  exhibit  a 
wide  variety  of  vibrational  (phonon)  modes  created  by  phonon- 
phonon  and  phonon-electron  interactions  (Kempa  2002;  Hagen 
et  al.  2004;  Liu  et  al.  2011).  These  phonon  interactions  are  domi¬ 
nant  in  determining  the  thermal  properties  of  CNTs.  In  general, 
more  phonon  modes  appear  as  the  nanotube  diameter  and  the 
size  of  the  unit  cell  increases,  meaning  that  the  heat  capacity 
and  ability  to  generate  and  transport  heat  are  unique  to  each 
nanotube  structure.  In  one  sense,  phonons  can  be  considered  as 
quanta  of  heat.  Thus,  a  basic  understanding  of  the  specific  ther¬ 
mal  conductivity  properties  of  different  types  of  nanotubes  is 
essential  to  understanding  the  photothermal  heating  behavior  of 
these  materials.  Here,  we  will  briefly  examine  the  thermal  con¬ 
ductivity  and  the  interaction  of  electromagnetic  radiation  with 
SWCNTs,  MWCNTs,  and  related  nanostructures,  focusing  on 
exposure  to  NIR. 

SWCNTs.  Measurements  of  bulk  samples  of  SWNTs  indi¬ 
cate  a  room-temperature  thermal  conductivity  over  200  W/ 
(m  K)  (Hone  et  al.  2000).  This  is  far  less  than  measurements  of 
the  room  temperature  thermal  conductivity  of  an  individual 
SWCNT  along  its  axis  which  range  from  2200  W/(m  K)  (Hone 
2000)  to  about  3500  W/(m  K)  (Pop  et  al.  2006)  because  of  the 
disorganized  orientation  of  nanotubes  in  bulk  samples.  The 
phonon  thermal  conductivity  displays  a  peak  around  100  K 
and  decreases  with  increasing  temperature  (Hone  et  al.  2000). 
At  higher  temperatures,  thermal  conductivity  is  predicted  to 
decrease  in  a  generally  linear  fashion  because  of  the  increased 
phonon-phonon  and  electron-phonon  scattering  interactions 
(known  as  the  Umklapp  processes)  (Hone  2000;  Osman  and 
Srivastava  2001). 

SWNHs.  SWCNTs  can  be  modified  by  sealing  one  end.  These 
nanoparticles  are  called  single-wall  nanohorns  (SWNHs)  and 
form  aggregate  structures  with  typical  diameters  from  50  to 
100  nm.  SWNHs  are  produced  without  the  use  of  metal  cata¬ 
lysts  by  laser  ablation  of  pure  graphite  (Whitney  et  al.  2011).  The 
diameter  can  be  adjusted  by  modifying  the  laser  pulse  length 
during  production,  and  the  size  can  be  adjusted  by  modifying 
growth  time  (Geohegan  et  al.  2007).  Nanohorns  have  been  stud¬ 
ied  less  extensively  than  either  SWCNTs  or  MWCNTs  for  photo 
thermal  applications.  However,  Whitney  et  al.  found  a  linear 
relationship  between  the  optical  attenuation  coefficient  and  con¬ 
centration  of  SWNHs.  They  also  demonstrated  that  the  attenu¬ 
ation  coefficient  increased  with  shorter  wavelengths,  indicating 
that  SWNHs  likely  will  heat  most  efficiently  when  exposed  to 
shorter  wavelength  NIR  (Zhang  et  al.  2008;  Whitney  et  al.  2011). 
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Because  tissue  penetrance  is  significantly  better  at  longer  NIR 
wavelength  (Konig  2000),  the  use  of  SWNH  for  photothermal 
applications  may  be  limited  to  the  treatment  of  superficial  dis¬ 
eases.  The  few  studies  to  examine  the  use  of  SWNH  for  PTT  have 
required  significantly  higher  SWNH  concentrations  and  longer 
NIR  exposure  times  than  needed  for  SWCNTs  or  MWCNTs  to 
generate  enough  heat  to  be  effective  for  photothermal  ablation  of 
cancer  (Zhang  et  al.  2008;  Whitney  et  al.  2011). 

MWCNTs.  Similar  to  SWCNTs,  the  large  number  of  pho¬ 
non  modes  in  MWCNTs  indicates  that  these  structures  also 
are  exceptional  heat  conductors.  The  thermal  conductivity  of  a 
single  MWCNT  along  its  axis  at  room  temperature  appears  to  be 
greater  than  that  of  comparable  SWCNTs,  with  measured  con¬ 
ductivities  in  the  range  of  3000  W/(m  K)  (Kim,  Shi  et  al.  2001) 
to  6600  W/m  K  (Berber  et  al.  2000).  However,  other  research 
groups  have  reported  somewhat  lower  thermal  conductivity 
with  a  range  from  1500  to  3500  W/m  K  depending  on  the  diam¬ 
eter  of  the  tube  (Fujii,  Zhang  et  al.  2005).  It  is  not  clear  if  these 
differences  are  due  to  variations  in  the  methods  used  to  measure 
conductance,  differences  in  the  MWCNT  preparations  used, 
or  some  other  cause.  A  study  using  bundles  of  bulk  MWCNTs 
found  a  far  lower  room  temperature  thermal  conductivity  of 
only  20  W/m  K  (Yi,  Lu  et  al.  1999).  This  lower  value  may  be  due 
to  defects  in  the  CNTs,  but  also  suggests  a  potential  inhibition  of 
heating  due  to  aggregation-induced  resistive  thermal  junctions. 
As  expected,  the  thermal  conductivity  of  MWCNTs  increases 
as  diameter  decreases,  suggesting  that  interactions  of  photons 
and  electrons  between  the  walls  affect  conductivity  (Osman  and 
Srivastava  2001). 

MWCNTs  possess  a  broader  absorption  spectra  compared  to 
SWNTs  and  other  plasmonic  nanoparticles  including  nanoshells 
(Dresselhaus  2004;  Torti  et  al.  2007;  Burke  et  al.  2009).  In  con¬ 
trast  to  SWNTs,  the  larger  number  of  electrons  available  in  the 
MWNT  for  transport,  together  with  a  smaller  electronic  band- 
gap  or  metallic  behavior,  suggests  that  the  most  efficient  optical 
coupling  of  light  and  CNTs  occurs  when  the  nanotube  length  is 
comparable  to  half  that  of  the  wavelength  of  the  incident  radia¬ 
tion  (Hanson  2005),  which  is  consistent  with  the  classic  behavior 
of  dipole  antennae  (Wang  2004;  Hanson  2005).  Accordingly,  in 
response  to  illumination  with  a  1064-nm  laser,  MWCNTs  with 
lengths  of  approximately  one  (1100  nm)  or  one-half  (700  nm)  that 
of  the  laser  wavelength  readily  heated  (Torti  et  al.  2007).  In  con¬ 
trast,  M  WNTs  with  a  length  of  one -third  that  of  the  laser  (330  nm) 
failed  to  generate  appreciable  heat.  As  a  further  indication  of  this 
antenna  effect,  MWCNTs  also  demonstrate  polarization  effects, 
meaning  that  the  antenna  response  of  the  CNTs  is  suppressed 
when  the  electric  field  of  the  incoming  radiation  is  polarized  per¬ 
pendicular  to  the  dipole  axis  of  the  CNTs  (Wang  2004). 

In  practice,  MWCNTs  appear  to  be  far  more  efficient  at  heat 
production  than  SWCNTs  following  exposure  to  electromag¬ 
netic  radiation,  possibly  due  to  increased  numbers  of  electrons 
(carriers)  available  for  photon  interactions  and  a  greater  mass 
per  particle  (Burke  et  al.  2009;  Fisher  et  al.  2010).  Furthermore, 
most  SWCNTs  act  as  semiconductors,  and  only  a  fraction  of 
the  as-produced  tubes  exhibit  the  metallic  behavior  shown  in 


MWCNTs  (Burlaka  et  al.  2010).  This  means  that  the  electrons 
in  MWNCTs  can  more  easily  become  excited  than  those  in 
most  SWCNTs  and  begin  releasing  excess  energy  in  the  form 
of  heat.  Experimental  studies  comparing  the  NIR  absorbance  at 
1064  nm  of  aqueous  dispersions  of  MWCNTs  to  similarly  dis¬ 
persed  SWCNTs  indicate  that  MWCNTs  absorb  approximately 
three  times  more  light  per  particle  than  SWCNTs  (Fisher  et  al. 
2010).  Interestingly,  the  heat-generating  capacity  of  MWCNTs 
following  exposure  to  an  equivalent  dose  of  NIR  has  been  shown 
to  be  up  to  20-fold  higher  than  that  of  SWCNTs  (Burke  et  al. 
2009;  Levi-Polyachenko  et  al.  2009).  This  effect  is  far  greater 
than  the  optical  absorbance  data  would  indicate,  and  the  mecha¬ 
nism  by  which  this  occurs  remains  to  be  explained.  However,  the 
difference  in  heating  between  SWCNTs  and  MWCNTs  may  be 
an  important  feature  because  a  smaller  dose  of  MWCNTs  could 
be  used  to  achieve  an  equivalent  temperature  rise  following  NIR 
exposure.  Thus,  MWCNTs  could  potentially  achieve  equivalent 
clinical  responses  at  doses  less  likely  to  engender  systemic  toxic¬ 
ity  and  off-target  effects  than  SWCNTs. 

17.2.2  Effect  of  Doping  on  Photothermal 
Properties  of  CNTs 

Doping  of  non-carbon  atoms  into  CNTs  represents  a  method  to 
control  the  photoelectronic  properties  of  the  tubes  by  chemistry 
rather  than  through  alterations  in  specific  geometry  (Esfarjani 
et  al.  1999).  Doping  can  be  used  to  alter  the  electronic  band 
structure  to  increase  the  overall  conductivity  (hence  the  antenna 
behavior)  of  the  nanotubes.  Numerous  types  of  dopants  can  be 
introduced  into  CNT  walls  through  methods  such  as  intercala¬ 
tion  of  electron  donors  such  as  alkali  metals  or  acceptors  such 
as  halogens,  substitutional  doping,  encapsulation  in  the  interior 
space,  coating  on  the  surface,  molecular  absorption,  and  cova¬ 
lent  sidewall  functionalization  (Terrones  et  al.  2008;  Stoyanov  et 
al.  2009;  Ayala  et  al.  2010;  Kong  et  al.  2010). 

Doping  CNTs  with  other  atoms  can  have  a  dramatic  effect  on 
their  photothermal  properties,  potentially  enhancing  their  opti¬ 
cal  absorption  and  heat  transductance  capability.  Substitutional 
doping  (replacing  carbon  in  the  lattice  with  a  non-carbon  atom) 
of  the  tubes  alters  the  Fermi  level  of  the  valence  band:  the  greater 
the  doping,  the  stronger  is  the  shift  of  the  Fermi  level.  For  pure 
CNTs,  the  valence  and  conduction  bands  appear  to  be  sym¬ 
metric  about  the  Fermi  level.  By  comparison,  nitrogen  doping 
introduces  an  impurity  located  0.27  eV  below  the  bottom  of 
the  conduction  bands  and  boron  doping  induces  a  level  that  is 
0.16  eV  above  the  top  of  the  valence  bands  found  in  undoped 
CNTs  (Schonenberger  and  Forro  2000).  The  lowering  of  the 
Fermi  level  by  boron  dopants  increases  the  number  of  conduc¬ 
tion  channels  without  introducing  strong  carrier  scattering  (Dai 
2002).  Thus,  boron-doped  nanotubes  show  metallic  behavior 
with  weak  electron-phonon  coupling.  In  contrast  to  undoped 
CNTs,  which  even  in  idealized  conditions  show  a  small  bandgap 
(semiconducting  or  semimetallic  behavior),  the  valence  band 
of  boron-doped  MWNTs  is  filled  with  a  prominent  acceptor¬ 
like  peak  near  the  Fermi  level.  Although  there  is  only  limited 
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experimental  evidence,  one  effect  of  doping  appears  to  be  an 
increased  optical  coupling  of  MWNTs  to  NIR  due  to  increasing 
the  number  of  free  carriers  available,  leading  to  the  generation  of 
higher  temperatures  following  exposure  to  NIR  when  compared 
to  equivalent  undoped  tubes  (Liu  and  Fan  2005;  Liu  and  Gao 
2005;  Torti  et  al.  2007). 

The  effect  of  incorporation  of  non-carbon  atoms  into  the 
interior  of  CNTs  on  photothermal  properties  is  less  explored. 
Experimental  studies  have  demonstrated  that  MWCNTs  pro¬ 
duced  with  a  high  concentration  of  the  iron-based  catalyst 
ferrocene  in  their  lumen  appear  to  heat  more  efficiently  than 
iron-free  MWCNTs,  achieving  temperatures  of  up  to  5-7°C 
greater  following  exposure  to  an  equivalent  dose  of  NIR  (Levi- 
Polyachenko  et  al.  2009).  On  the  other  hand,  others  have  found 
that  increasing  concentrations  of  ferrocene  in  the  lumen  of 
MWCNTs  has  no  effect  on  heating  properties  (Ding  et  al.  2011). 
Although  the  mechanism  accounting  for  this  difference  remains 
poorly  understood,  it  should  be  noted  that  the  enhanced  heat¬ 
ing  effect  observed  by  Levi-Polyachenko  occurred  when  heat¬ 
ing  ferrocene-containing  MWCNTs  at  nanotube  concentrations 
greater  than  100  pg/mL,  whereas  Ding  et  al.  only  investigated 
the  heating  of  100  pg/mL  MWCNT  samples. 

17.3  RF  and  MW  Heating  of  CNTs 

In  addition  to  efficiently  absorbing  NIR,  CNTs  are  also  capable 
of  generating  heat  upon  irradiation  with  MW  or  RF  radiation. 
The  MW  spectrum  ranges  from  300  MHz  to  300  GHz,  whereas 
the  broader  RF  spectrum  overlaps  and  extends  from  3  kHz  to 
300  GHz.  MW  heating  of  CNTs  causes  polarization,  producing 
a  similar  antenna  effect  as  seen  by  NIR  heating  (Wang  2004). 
Experiments  performed  with  CNTs  in  viscous  dense  environ¬ 
ments  found  decreased  heating,  attributed  to  reduced  photon- 
photon  and  photon-electron  interactions  due  to  inhibited 
vibrations  (Ye  et  al.  2006).  CNTs  irradiated  by  MWs  can  induce 
heat  by  conduction  and  dipolar  polarization,  enabling  localized 
heating  (Vazquez  and  Prato  2009).  The  modes  of  CNT  heat  gen¬ 
eration  using  MW/RF  are  similar  to  NIR,  as  MW  irradiation 
transforms  electromagnetic  energy  into  mechanical  vibrations 
and  ultimately  heat.  Residual  metals  in  CNTs  may  also  donate 
free  charges  that  help  expedite  MW  coupling.  Because  of  the 
overlap  in  wavelengths,  the  heating  properties  of  MW  and  RF 
irradiation  of  CNTs  will  be  discussed  together. 


Based  on  theoretical  modeling,  Dumitricia  et  al.  (2004)  found 
that  SWCNTs  blended  in  polycarbonate  should  absorb  MW 
radiation  at  a  6-  to  20-GHz  range.  In  this  study,  capped  SWCNTs 
treated  with  ~100-fs  pulses  are  predicted  to  remain  intact  with  8% 
of  valence  electrons  promoted  to  antibonding  states.  Irradiation 
would  also  result  in  opening  of  the  caps  without  damaging  the 
cylindrical  structure.  In  contrast,  heating  of  bulk  (noncapped) 
SWCNTs  is  predicted  to  promote  10%  of  valence  electrons  and 
result  in  fragmentation  to  the  particles.  With  both  types  of  NTs, 
the  maximum  temperature  predicted  was  800  K,  which  stabi¬ 
lized  to  300  K.  In  a  separate  study,  SWCNTs  heated  with  700 
W  at  2.45  GHz  were  observed  to  spread  to  twice  their  original 
volume  during  heating  before  contracting  again.  Many  of  the 
SWCNTs  fused  after  heating  and  formed  junctions  (Imholt  et 
al.  2003).  A  temperature  of  at  least  1500°C  must  be  reached  for 
this  phenomenon  to  occur,  suggesting  that  tremendous  temper¬ 
ature  increases  were  achieved  in  this  experiment  (Ajayan  et  al. 
2002).  Another  factor  that  can  influence  heating  of  CNTs  is  their 
purity.  Unpurified  SWCNTs  (containing  Fe  catalyst  impurities) 
reached  a  temperature  of  1850°C  upon  heating,  whereas  puri¬ 
fied  SWCNTs  only  reached  650°C  (Wadhawan  2003).  Both  types 
of  SWCNTs  had  diameters  of  1.1  nm  and  were  irradiated  with 
1000-W  MW  radiation  at  2.45  GHz.  This  suggests  that  residual 
metals  may  play  an  important  role  in  CNT  heating. 

Reulet  et  al.  found  that  RF  irradiation  at  100  MHz-10  GHz  of 
a  single  SWCNT  (1  nm  diameter  and  several  different  lengths) 
caused  electron  heating  by  dissipation  of  mechanical  energy.  No 
change  was  seen  in  the  resonance  spectrum  upon  heating,  sug¬ 
gesting  that  the  electrostatic  forces  on  the  tube  and  Coulomb 
force  produced  by  the  RF  field  are  responsible  for  excitation  and 
vibrations.  Different  resonant  frequencies  were  seen  depending 
on  the  length  of  the  NT  (Reulet  et  al.  2000).  SWCNTs  irradiated 
with  800  W  by  a  13.56-MHz  RF  field  produced  a  temperature 
increase  of  30-40°C  (1.6  K/s  rate).  The  heating  rate  is  higher 
than  predicted,  and  may  be  due  to  spontaneous  self-assembly  of 
SWCNTs  into  longer  antennae.  The  total  thermal  power  depo¬ 
sition  was  found  to  be  130,000  W/g,  with  over  half  specifically 
from  the  NTs  (75,000  W/g).  RF  heating  of  CNTs  does  not  appear 
to  be  due  to  excitement  of  electronic  transitions  or  resonance 
because  of  the  long  wavelengths  (Gannon  et  al.  2007). 

Table  17.1  summarizes  cellular  effects  of  stimulation  of  nano¬ 
tubes  with  RF  radiation.  RF-mediated  heating  of  hepatocellular 
and  pancreatic  cancer  cell  lines  in  vitro  using  250-500  pg/mL 


TABLE  17.1  Thermal  Ablation  Using  Radiofrequency  Radiation  to  Heat  Carbon  Nanomaterials 


Nanomaterial/ 

Functionalization 

Power  Input 

NT  Dose 

Temperature  Change 

Cancer  Model  and  Therapeutic  Efficacy 

Ref. 

SWNT;  coated  in 

13.56  MHz  RF  field 

50-500  gg/ 

33-45°C  linear  increase  with 

Hep3B,  HepG2  and  Panc-1  human  liver 

Gannon  et  al. 

Kentera  polymer 

(400-1000  W) 

mL 

power,  exponential  increase  of 
heat  when  fixed  power  with 
increasing  cone.  Enhanced  bulk 
heating  at  5  pg/mL 

and  pancreatic  cancer  cells;  60-70% 
cell  death  FACS  with  50  pg/mL,  -90% 
with  100  pg/mL  and  100%  with 

500  pg/mL.  Treated  for  2  min  800  W. 

(2007) 

SWNTs;  coated  in 
Kentera  polymer 

13.56  MHz  RF  field 
(600  W) 

500  pg/mL 

Not  reported 

Rabbits  with  VX2  liver  xenografts, 
intratumoral  injection.  2  min  RF 
treatment.  Complete  thermal  necrosis 

Gannon  et  al. 
(2007) 
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concentration  of  S WCNTs  killed  almost  all  the  treated  cells,  with 
dose-dependent  increases  in  cell  death  observed.  About  25%  of 
cells  that  were  heated  in  media  alone  (without  SWCNTs)  were 
killed,  suggesting  the  potential  impact  of  nonspecific  ion  stimu¬ 
lation  in  heat  generation  upon  treatment  (Gannon  et  al.  2007) 
in  vivo  treatment  of  a  VX2  hepatocellular  carcinoma  xenograft 
in  rabbits  resulted  in  complete  thermal  necrosis  of  the  tumor. 
No  toxicity  was  seen,  but  there  was  a  2-  to  5-mm  zone  of  ther¬ 
mal  injury  to  the  surrounding  liver  (Gannon  et  al.  2007).  This 
demonstration  indicates  that  SWNTs  may  be  capable  of  non- 
invasively  treating  tumors  in  any  part  of  the  body,  a  capability 
currently  not  shared  by  NIR  laser-based  treatments.  However, 
little  research  has  been  conducted  on  the  efficacy  of  this  type  of 
therapy  both  in  vitro  and  in  vivo,  possibly  because  of  the  risk  of 
significant  off-target  heating.  Therefore,  we  will  focus  only  on 
NIR-mediated  therapies  for  the  remainder  of  this  chapter. 

17.4  Strategies  to  Localize  Heat 
Distribution  and  Monitor 
Photothermal  Heating  of  CNTs 

Control  of  the  spatial  and  temporal  distribution  of  heat  used  for 
thermal  ablation  is  essential  for  localizing  heat  to  a  target  and 
reducing  collateral  damage  to  normal  cells  and  tissues  (Boldor 
et  al.  2010). 

Simply  viewed,  heat  delivery  for  photothermal  applications 
is  dependent  on  the  total  laser  energy  incident  upon  the  target 
and  the  efficiency  of  the  CNT  target  at  converting  that  energy 
into  heat.  Thus,  heat  generations  is  limited  only  by  the  maxi¬ 
mum  laser  output  and  achievable  nanomaterial  concentration. 
Conversely,  heat  dissipation  away  from  the  CNTs  is  a  complex 
process  that  is  dependent  on  tube  environment,  tube  proxim¬ 
ity  to  heat  absorbers,  solvent,  and  the  substrate  into  which  the 
tubes  are  dispersed.  As  discussed  in  more  detail  below,  it  is 
unlikely  that  continuous  heating  of  nanoscale  sources  can  pro¬ 
duce  a  significant  temperature  increase  adjacent  to  the  surface  of 
a  nanoparticle,  nanowire,  or  nanotube  because  of  heat  transfer 
away  from  the  site  of  irradiated  nanomaterials,  unless  the  heat¬ 
ing  power  is  extremely  large  (Keblinski  et  al.  2006). 

Several  studies  have  reported  that  nanoscale  tempera¬ 
ture  localization  following  NIR  heating  of  isolated  nanopar¬ 
ticles  can  be  achieved  through  use  of  high-powered,  rapidly 
(femto-  to  nanosecond  time  scales)  pulsed  lasers  (Plech  et  al. 
2003;  Hartland  et  al.  2004;  Pustovalov  and  Babenko  2004;  Ge 
et  al.  2005).  Ultrashort  laser  pulses  of  approximately  100  fs  are 
believed  to  immediately  promote  electrons  in  CNTs  to  anti¬ 
bonding  states,  whereas  pulses  that  are  greater  than  a  pico¬ 
second  transfer  energy  from  the  promoted  electrons  to  atomic 
thermal  motion,  resulting  in  potentially  uncontrolled  structural 
changes  in  the  material  (Dumitrica  et  al.  2004).  Nanosecond 
NIR  pulses  have  been  reported  to  produce  temperature  increases 
of  150-300°C  in  samples  containing  gold  nanoparticles  because 
there  was  insufficient  time  for  heat  dissipation  from  the  several 
micrometer  heated  area  (Zharov  et  al.  2005).  Similar  strategies 


using  nanosecond  pulsed  lasers  have  been  successfully  applied 
for  the  treatment  of  scattered  cancer  cells  following  uptake  of 
CNTs  (Zharov  et  al.  2005;  Biris  et  al.  2009;  Vitetta  et  al.  2011). 

Unfortunately,  nanosecond  or  picosecond  pulsed  lasers  are 
not  commonly  available  in  clinical  environments,  and  as  noted, 
temperature  increases  over  larger  volumes  tend  to  be  very  small 
following  such  brief  exposures.  However,  the  use  of  somewhat 
longer  (millisecond  to  tens  of  seconds)  NIR  pulses  to  irradi¬ 
ated  CNTs  may  offer  a  few  opportunities  for  cancer  therapy 
that  are  not  dependent  on  macroscale  temperature  increases 
(Panchapakesan  et  al.  2005;  Kang  et  al.  2009).  In  one  study,  can¬ 
cer  cells  that  had  taken  up  bundles  of  SWCNTs  were  exposed 
to  low  intensity  NIR  (800  nm;  50-200  mW/cm2)  for  60  s.  An 
insignificant  temperature  rise  was  measured  following  treat¬ 
ment.  Instead,  water  molecules  entrapped  inside  and  between 
the  bundled  SWCNTs  boiled;  as  the  water  molecules  evaporated, 
extreme  pressures  developed  in  SWCNT  bundles  causing  them 
to  explode  and  kill  nearby  cancer  cells  (Panchapakesan  et  al. 
2005).  The  key  to  this  strategy  is  the  use  of  bundles  of  SWCNTs, 
as  the  nanobomb  effect  is  not  observed  for  well-dispersed 
samples.  In  a  different  study,  Kang  et  al.  (2009)  heated  cancer 
cells  that  had  taken  up  CNTs  with  a  millisecond  pulsed  laser 
(1064  nm;  200  mW/cm2)  for  20  s,  resulting  in  the  death  of  85% 
of  the  treated  cancer  cells.  Significantly,  almost  no  temperature 
change  was  detected,  and  it  is  believed  that  the  mode  of  cell  kill¬ 
ing  was  a  photoacoustic  explosion  induced  by  photon- electron 
interactions  that  generated  a  shockwave,  physically  disrupting 
the  cells’  membranes. 

Although  there  maybe  some  benefit  to  other  treatment  strate¬ 
gies  as  noted  above,  in  general,  continuous  NIR  treatment  may 
be  best  suited  for  treating  bulky  tumors,  as  the  generated  heat 
can  effectively  spread  throughout  the  tumor  (Biris  et  al.  2009). 
Moreover,  sustained  heating  of  a  large  number  of  nanoparticles 
dispersed  across  a  tumor  volume  under  conditions  typically 
used  for  in  vivo  thermal  ablation  produces  a  global  temperature 
rise  that  is  far  larger  than  the  localized  temperature  rise  near 
each  particle,  allowing  for  substantial  heating  across  the  entire 
volume  to  be  treated,  which  is  necessary  for  anticancer  therapy 
(Keblinski  et  al.  2006;  Boldor  et  al.  2010).  The  problem  is  that 
for  long  heating  times  (several  seconds  or  greater),  heat  transfer 
away  from  the  target  area  is  significant  and  not  only  reduces  the 
effectiveness  of  the  therapy,  but  may  result  in  collateral  damage 
to  healthy  tissue  surrounding  the  treatment  area. 

To  reduce  the  spread  of  heat  from  the  tumor  target  to  the 
surrounding  tissue,  the  total  electromagnetic  energy  deposited 
into  the  tissue  should  be  minimized  such  that  only  the  amount 
of  heat  needed  for  treatment  is  delivered  to  the  targeted  area. 
This  requires  real-time  monitoring  of  spatiotemporal  changes 
in  temperature  resulting  from  NIR  irradiation  of  CNTs.  There 
are  several  ways  to  monitor  the  temperature  distribution  in 
a  tumor  volume  following  CNT  delivery  and  NIR  irradiation, 
including  the  use  of  infrared  cameras  (Huang  et  al.  2010;  Picou 
et  al.  2010)  and  magnetic  resonance  imaging  (MRI)-based  meth¬ 
ods  (Burke  et  al.  2009;  Ding  et  al.  2011).  Infrared  cameras  have 
proven  useful  for  optimizing  both  CNT  concentration  and  NIR 
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irradiation  parameters  needed  to  generate  specific  temperature 
profiles  in  model  tissue  (Picou  et  al.  2010)  and  in  tumor-bearing 
mice  (Huang  et  al.  2010).  However,  NIR  cameras  do  not  offer  the 
possibility  of  noninvasively  imaging  temperature  changes  deep 
within  tissue. 

A  noninvasive  method  of  temperature  mapping  that  also 
allows  for  superposition  of  temperature  information  over  high- 
resolution  anatomical  images  taken  at  any  depth  is  an  MRI-based 
thermometry  method  known  as  proton  resonance  frequency 
(PRF)  MR  temperature  mapping  (reviewed  by  Rieke  and  Pauly 
2008).  This  technique  is  based  on  the  principle  that  when  the  tem¬ 
perature  rises,  hydrogen  bonds  break  between  water  molecules 
in  tissue  and  this  causes  a  PRF  shift  that  varies  linearly  with  tem¬ 
perature  changes.  Clinically,  PRF  MR  temperature  mapping  is 
used  to  provide  control  over  the  treatment  outcome  by  relating 
the  treatment  temperature  to  actual  thermal  tissue  damage.  With 
regard  to  CNT  enhanced  photothermal  cancer  therapy,  Burke  et 
al.  (2009)  demonstrated  that  this  technique  could  be  used  to  both 
locate  the  tumor  target  in  a  mouse  model  of  kidney  cancer  and  to 
calculate  the  delivered  thermal  dose  to  that  same  tissue  following 
NIR  exposure.  PRF  MRI  thermometry  showed  that  a  maximum 
temperature  of  76°C  was  achieved  in  the  tumors  injected  with 
100  pg  of  MWCNTs  following  a  30-s  NIR  exposure  (1064  nm; 
3  W/cm2).  In  the  absence  of  CNTs,  the  maximum  temperature 
rose  to  only  46°C  after  the  same  NIR  treatment. 

The  demonstration  that  CNTs  are  compatible  with  PRF 
MR  temperature  mapping  is  a  key  step  toward  future  clinical 
applications,  as  this  technique  helps  to  monitor  whether  ther¬ 
mal  ablative  temperatures  are  reached,  and  also  aids  in  reduc¬ 
ing  the  risk  of  collateral  damage  to  neighboring  normal  tissue. 
However,  this  technique  could  further  be  refined;  optimally, 
CNTs  used  for  thermal  therapy  should  also  be  capable  of  MR 
contrast  enhancement,  which  would  allow  for  accurate  monitor¬ 
ing  of  nanomaterial  distribution  in  the  tumor  and  image  guided 
placement  of  the  NIR  source  (Salvador-Morales  et  al.  2009). 
Several  studies  have  shown  that  elements  that  enhance  mag¬ 
netic  resonance  (MR)  contrast,  such  as  iron  (Ding  et  al.  2011)  or 
gadolinium  (Gd)  (Sitharaman  et  al.  2005;  Hartman  et  al.  2008; 
Richard  et  al.  2008;  Ananta  et  al.  2010;  Zhang  et  al.  2010),  can  be 
incorporated  into  CNTs  to  enable  their  detection  by  noninvasive 
imaging. 

As  a  step  toward  this  goal,  MWCNTs  containing  iron  were 
studied  for  their  potential  as  dual-modality  agents  for  both  MR 
contrast  enhancement  and  photothermal  energy  transduction 
(Ding  et  al.  2011).  In  this  study,  MR  imaging  provided  an  accu¬ 
rate  picture  of  the  distribution  of  iron-containing  MWCNTs 
inside  the  tumor,  which  is  essential  information  for  pretreat¬ 
ment  planning  and  determination  of  laser  positioning  for  MR 
image  guided  PTT  of  tumors  in  mice.  The  contrast  and  heat¬ 
ing  properties  of  such  MWCNTs  did  not  change  upon  multiple 
rounds  of  NIR  exposure,  even  after  reaching  thermal  ablative 
temperatures.  Thus,  the  distribution  of  the  MWCNTs  could  be 
monitored  over  time,  and  multiple  or  fractionated  laser  treat¬ 
ments  could  be  targeted  to  the  tumor  as  necessary  without  the 
need  for  additional  injections. 


However,  a  potential  limitation  of  iron-containing  MWCNTs 
is  their  propensity  to  attenuate  MR  signals.  Although  this 
enables  iron-containing  MWCNTs  to  act  as  highly  effective  T2 
contrast  agents,  extensive  MR  signal  attenuation  can  potentially 
interfere  with  temperature  mapping  by  PRF  MR  thermometry. 
Ideally,  a  CNT  specifically  engineered  for  the  clinical  applica¬ 
tion  of  nanoparticle-assisted  photothermal  cancer  therapy  will 
both  be  compatible  with  an  imaging  modality  such  as  MRI  to 
spatially  define  the  margins  of  the  target  lesion  and  assess  the 
distribution  of  injected  nanoparticles  within  the  tumor,  and  also 
compatible  with  a  noninvasive  temperature  mapping  technique 
to  ensure  that  the  appropriate  thermal  dose  was  achieved  in  the 
target  area.  The  optimization  of  such  a  material  will  be  a  critical 
step  toward  the  realization  of  the  full  potential  of  nanoparticle 
enhanced  PTT. 


In  vitro  and  in  vivo  tests  of  the  antitumor  efficacy  of  CNTs  have 
been  highly  encouraging.  The  first  study  describing  the  use  of 
SWNTs  for  PTT  of  cancer  cells  was  published  in  2005  by  Kam 
et  al.  (2005);  subsequently,  MWCNTs  were  also  shown  to  be 
effective  (Torti  et  al.  2007).  Although  there  are  many  variables 
that  will  be  discussed  in  detail  below,  the  general  therapeutic 
approach  involves  exposing  adherent  cancer  cells,  cancer  cells  in 
suspension,  or  tumors  grown  in  mice  to  CNTs  followed  by  irra¬ 
diation  with  an  external  NIR  laser  (Figure  17.1).  This  technique, 
which  can  be  termed  nanotube-enhanced  PTT,  has  proven  to  be 
an  effective  treatment  in  a  wide  variety  of  human  cancer  models 
including  cervical  carcinoma  (Kam  et  al.  2005),  renal  carcinoma 
(Torti  et  al.  2007;  Burke  et  al.  2009),  mouth  carcinoma  (Moon 
et  al.  2009),  prostate  adenocarcinoma  (Fisher  et  al.  2010),  breast 
adenocarcinoma  (Ding  et  al.  2011),  ascitic  carcinoma  (Burlaka  et 
al.  2010),  and  lymphoma  (Chakravarty  et  al.  2008;  Marches  et  al. 

2009)  in  vitro  as  summarized  in  Table  17.3.  Efficacy  also  has  been 
demonstrated  in  vivo  in  numerous  syngeneic  mouse  models  of 
cancer  (Huang  et  al.  2010;  Robinson  et  al.  2010)  and  in  human 
xenografts  grown  in  mice  (reviewed  by  Iancu  and  Mocan  2011 
and  summarized  in  Table  4).  Q1 

The  clinical  model  for  the  use  of  nanomaterials  as  heat  trans¬ 
duction  agents  is  based  on  laser-induced  thermotherapy  (LITT) 
(O’Neal  et  al.  2004),  a  photothermal  ablation  technique  in 
which  an  NIR  laser  is  used  to  directly  heat  a  target  tissue,  such 
as  a  tumor,  above  the  thermal  ablation  temperature  threshold 
of  approximately  55°C  (Kangasniemi  et  al.  2004;  O'Neal  et  al. 

2004;  Nikfarjam  et  al.  2005).  As  a  result,  protein  denaturation, 
membrane  lysis,  and  coagulative  necrosis  occur,  leading  to  cell 
death.  A  major  limitation  of  LITT  has  been  an  inability  to  con¬ 
sistently  achieve  thermoablative  temperatures  throughout  the 
target  lesion  and  to  confine  treatment  exclusively  to  the  tumor 
(Chen  et  al.  2005;  Gnyawali  et  al.  2008).  Therefore,  to  be  of  clini¬ 
cal  benefit,  CNTs  must  greatly  improve  the  deposition  of  heat 
following  NIR  exposure. 


17.5  Anticancer  Efficacy  of 
CNT-Enhanced  PTT 
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Adherent  cancer  cells 

Bound  and/or  internalized  nanotubes 


Cancer  cells  in  suspension 

Nanotubes  distributed  homogeneously  in  suspension 
Global  temperature  increase  (all  cells  in  the  heated 
volume  are  treated) 

Does  not  requires  high  powered,  pulsed  lasers 


intravenous  injection. 


the  nanotubes  heat  and  raise  the 
temperature  of  the  tumor. 


When  the  tumor  is  heated  to 
greater  than  55°C,  coagulative 
necrosis  occurs  leading  to  complete 
tumor  regression. 


FIGURE  17.1  Schematic  illustration  nanotube  enhanced  photothermal  therapy,  (a)  Selective  photothermal  heating  of  cancer  cells.  Adherent 
cancer  cells  readily  take  up  carbon  nanotubes  following  coincubation.  Excess  unbound  nanotubes  are  washed  away.  Following  exposure  to  laser 
emitted  near-infrared  radiation  (NIR),  cells  that  have  taken  up  nanotubes  rapidly  heat  and  die.  The  amount  of  heat  generated  is  insufficient 
to  significantly  raise  the  temperature  of  the  surrounding  media,  making  treatment  localized  to  the  cellular  level,  (b)  Volumetric  photothermal 
heating  of  cancer  cells.  Cells  are  dispersed  in  aqueous  media  containing  well  suspended  nanotubes.  After  exposure  to  NIR,  the  entire  volume 
heats  significantly,  causing  cancer  cell  death,  (c)  Heating  of  tumors  in  vivo.  Typical  in  vivo  studies  generally  have  taken  a  volumetric  approach  to 
therapeutic  heating  mediated  by  nanotube  enhanced  photothermal  therapy.  Nanotubes  can  be  directly  injected  into  the  tumor  or  delivered  via  the 
tumor  vasculature.  After  exposure  to  NIR  via  an  external  laser,  the  nanotube  containing  tumor  rapidly  heats  up,  causing  coagulative  necrosis  and 
cancer  cell  death. 


Several  studies  have  explored  the  potential  of  CNTs  to  improve 
LITT  by  enhancing  deposition  of  heat  following  NIR  exposure. 
Kam  et  al.  (2005)  first  described  the  use  of  SWCNTs  for  PTT. 
After  60  s  of  exposure  to  808-nm  laser  radiation,  little  heat  was 
generated  in  the  absence  of  SWCNTs.  However,  in  the  presence 
of  SWCNTs,  the  absorbance  was  robust,  raising  the  temperature 
of  the  solution  to  more  than  55°C  (i.e.,  into  the  established  ther¬ 
moablative  range).  This  temperature  increase  was  sufficient  to 
kill  HeLa  cells  (a  well-characterized  cervical  carcinoma  cell  line) 
that  previously  had  internalized  SWNTs  following  incubation 
period  of  a  few  hours.  Efficient  conversion  of  tissue  penetrating 


wavelengths  of  NIR  into  heat  is  fundamental  to  the  application 
of  this  and  other  nanomaterials  that  seek  to  treat  nonsuperficial 
cancerous  lesions  in  vivo. 

After  this  initial  study,  further  testing  of  the  heating  of  can¬ 
cer  cells  with  SWCNTs  upon  NIR  irradiation  was  conducted  in 
vitro  and  in  vivo.  Huang  et  al.  (2010)  observed  that  the  quan¬ 
tity  of  heat  generated  and  the  efficacy  of  the  therapy  improved 
with  both  increasing  SWCNT  concentration  and  increased  laser 
exposure  (energy  deposition).  In  the  same  study,  both  tumor 
reduction  and  a  modest  survival  benefit  were  seen  in  a  subcu¬ 
taneous  syngeneic  murine  squamous  cell  carcinomas  model 
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following  intratumoral  injection  of  1  mg/mL  of  SWCNTs  and 
irradiation  with  a  low  power  (200  mW/cm2)  NIR  laser  for  10  min. 
The  treatment  resulted  in  a  maximum  temperature  increase  in 
the  tumor  of  18°C  as  measured  by  IR  thermometry,  indicating 
that  the  thermal  ablation  threshold  was  reached.  However,  this 
treatment  failed  to  achieve  a  durable  cancer  remission.  Uneven 
tumor  ablation  and  tumor  recurrence  were  observed,  and  necro¬ 
sis  was  seen  in  nearby  normal  tissue,  indicating  significant  heat 
transfer  away  from  the  tumor  site  and  into  the  surrounding  non¬ 
tumor  region. 

By  comparison,  Moon  et  al.  (2009)  demonstrated  that  heat 
localization  and  therapeutic  efficacy  of  SWCNT-mediated  PTT 
could  be  greatly  improved  through  the  use  of  higher  powered 
laser  irradiation  (3  W/cm2)  for  a  shorter  irradiation  time  (3  min). 
Following  intratumoral  injection  of  SWNCTs  (120  pg/mL)  into 
mice  bearing  subcutaneous  xenografts  of  human  mouth  car¬ 
cinoma  cells  and  NIR  irradiation,  the  tumors  were  completely 
destroyed,  with  no  apparent  toxicity,  side  effects,  or  tumor 
recurrence  during  several  months  of  follow-up.  Nearby  normal 
tissue  was  spared,  whereas  tumor  sections  stained  positively 
for  TUNEL,  suggesting  apoptosis  as  the  mode  of  cell  death. 
However,  even  in  the  absence  of  SWCNTs  the  irradiation  pro¬ 
cedure  itself  resulted  in  significant  burning  of  the  target  region. 
Ideally,  the  total  energy  needed  to  induce  thermal  ablation 
should  be  minimized  to  reduce  off-target  damage. 

In  this  regard,  MWCNTs  may  offer  a  significant  potential 
advantage  over  SWCNTs:  as  previously  noted,  because  of  the 
unique  structure  of  MWCNTs,  they  absorb  NIR  far  more  effi¬ 
ciently  than  SWCNTs,  thus  requiring  only  a  fraction  of  the  inci¬ 
dent  radiation  or  concentration  SWCNTs  needed  to  generate  an 
equivalent  increase  in  temperature  (Torti  et  al.  2007;  Burke  et 
al.  2009).  Analysis  of  the  literature  suggests  that  in  most  stud¬ 
ies,  the  total  energy  needed  to  achieve  thermal  ablation  in  vitro 
with  SWCNTs  typically  is  on  the  order  of  100  to  several  hundred 
Joules  and  the  required  SWCNT  concentrations  are  greater  than 
100  pg/mL  (see  Tables  17.2  and  17.3).  Using  MWCNTs,  thermal 
ablative  temperatures  could  be  achieved  in  vitro  following  expo¬ 
sure  of  10  pg/mL  of  MWCNTs  to  as  little  as  4  J,  resulting  in  the 
death  of  99%  of  treated  cancer  cells  (Biris  et  al.  2009).  Although 
Ghosh  et  al.  (2009)  conducted  detailed  experiments  to  examine 
the  influence  of  nanotube  concentration,  laser  power,  and  dura¬ 
tion  of  laser  exposure  on  the  heating  of  SWCNTs  and  MWNCTs, 
no  systematic  effort  has  been  made  to  determine  the  ideal  com¬ 
bination  of  CNT  type,  concentration,  and  NIR  needed  to  mini¬ 
mize  the  required  energy  dose  for  therapeutic  heat  generation. 
Thus,  treatment  parameters  still  vary  widely  (see  Tables  17.2  and 
17.3). 

For  example,  effective  treatment  of  Erlich  ascitic  carcinoma 
cells  in  vitro  was  achieved  following  incubation  of  the  cells  with 
MWCNTs  at  a  100  pg/mL  concentration  and  irradiation  with  an 
NIR  laser  (780-1400  nm  range)  at  3.5  W/cm2  for  1.5-2  min,  heat¬ 
ing  the  culture  media  to  between  50°C  and  70°C  (Burlaka  et  al. 
2010).  Fisher  et  al.  treated  renal  adenocarcinoma  cells  (RENCA) 
and  PC-3  human  prostate  cancer  cell  lines  with  100  pg / 
mL  MWCNTs  and  5  min  by  exposure  to  NIR  (15.3  W/cm2  at 


1064  nm).  The  resulting  42°C  temperature  increase  in  the  cul¬ 
ture  media  surrounding  the  cells  was  sufficient  to  kill  (Fisher  et 
al.  2010).  In  this  latter  study,  cell  internalization  of  MWCNTs 
was  measured  using  fluorescence  and  transmission  electron 
microscopy.  Consistent  with  previous  reports  (Kostarelos  et  al. 

2007),  MWCNTs  were  taken  up  by  cells  and  translocated  to  the 
nucleus.  With  increasing  incubation  duration,  a  greater  number 
of  MWNTs  were  observed  in  cellular  vacuoles  and  nuclei.  In 
Section  17.5,  the  role  cell  binding  and  internalization  of  CNTs  Q2 
play  in  the  efficacy  of  treatment  will  be  discussed  in  more  detail. 

The  number  of  MWCNTs  needed  per  cell  for  effective  thermal 
therapy  has  been  studied  (Torti  et  al.  2007).  Human  CRL1932 
renal  adenocarcinoma  cells  grown  in  a  monolayer  were  incu¬ 
bated  with  increasing  concentrations  of  nitrogen-doped 
MWCNTs  corresponding  to  estimated  MWCNT  to  cell  ratios 
of  1:1,  100:1,  and  1000:1.  Following  exposure  to  NIR  (3  W/cm2 
of  1064  nm  NIR  with  for  4  min),  a  23°C  temperature  rise  was 
observed  in  the  culture  media  of  cells  exposed  to  MWCNTs  at 
the  1000:1  ratio,  with  near-complete  cell  death.  No  significant 
heating  differences  of  cell  death  was  observed  in  cells  exposed 
to  MWCNTs  at  the  1:1  or  100:1  ratios  as  compared  to  control 
heated  cells  heated  in  the  absence  of  MWCNTs. 

In  a  follow-up  study,  Burke  et  al.  (2009)  demonstrated  that 
cellular  uptake  of  MWCNTs  before  NIR  exposure  was  not 
necessary  for  in  vitro  cancer  cell  killing.  Murine  RENCA  were 
homogeneously  dispersed  in  phosphate  buffered  saline  contain¬ 
ing  100  pg/mL  of  MWCNTs  (Burke  et  al.  2009).  Following  a 
brief  exposure  to  NIR  (3  W/cm2  of  1064  nm  NIR  with  for  30  s), 

98%  of  cancer  cells  were  killed,  whereas  45  s  of  treatment  killed 
100%  of  the  cells.  In  vivo  studies  demonstrated  that  intratumoral 
injection  of  increasing  doses  of  MWCNTs  (10,  50,  or  100  pg) 
into  RENCA  tumors  implanted  in  the  flanks  of  nude  mice  sig¬ 
nificantly  decreased  tumor  growth  and  increased  survival  in  a 
dose-dependent  manner  following  exposure  to  NIR  (3  W/cm2 
of  1064  nm  NIR  with  for  30  s).  In  the  absence  of  MWCNTs, 
this  laser  treatment  resulted  in  minimal  superficial  burning. 
Durable  remission  was  observed  in  80%  of  mice  receiving  the 
100  pg  MWCNT  dose  combined  with  NIR  for  the  length  of  the 
6-month  study.  Although  MWCNTs  remained  at  the  injection 
site,  no  toxicity  was  detected.  In  contrast,  all  mice  adminis¬ 
tered  MWCNTs  in  the  absence  of  NIR  did  not  survive  beyond 
3  months,  and  no  difference  in  tumor  growth  was  observed 
between  these  animals  and  untreated  controls. 

This  study  presented  a  key  demonstration  of  the  capability  of 
MWNTs  coupled  with  laser  irradiation  to  enhance  the  in  vivo 
treatment  of  tumors  through  more  controlled  thermal  deposi¬ 
tion  leading  to  increased  tumor  injury.  Furthermore,  Burke  et 
al.  examined  the  induction  of  heat  shock  proteins  (HSPs)  27,  70, 
and  90  as  an  indirect  measure  of  heat  generation  in  full-depth 
tissue  sections  taken  from  tumors  of  mice  16  h  after  NIR  expo¬ 
sure.  HSPs  are  induced  by  elevated  temperatures  (typically  in 
excess  of  43°C)  and  serve  as  endogenous  cellular  markers  of 
thermal  stress.  They  observed  minimal  expression  for  all  HSPs 
in  untreated  tumors,  but  in  tumors  treated  with  NIR  in  the 
absence  of  MWCNTs,  significant  HSP  expression  was  observed. 
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coated  at  least  2  weeks  following 

irradiation. 
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Maximal  HSP27,  HSP70,  and  HSP90  expression  was  induced 
proximal  to  the  incident  laser  (near  the  skin)  and  then  gradu¬ 
ally  diminished  with  increasing  depth.  In  contrast,  in  tumors 
treated  with  NIR  plus  MWCNTs,  the  temperature  elevation  was 
sufficient  to  induce  coagulative  necrosis  in  much  of  the  tumor, 
thus  preventing  significant  HSP  induction.  However,  HSPs  were 
seen  at  deeper  tissue  levels,  near  the  interface  between  tumor 
and  normal  tissue.  These  results  demonstrate  that  NIR  irradia¬ 
tion  combined  with  MWCNTs  can  be  used  to  extend  the  depth 
of  thermal  therapy. 

Similar  observations  were  made  in  vitro  by  Fisher  et  al. 
(2010),  again  demonstrating  the  combination  of  MWNTs  and 
NIR  can  dramatically  decrease  cell  viability  without  inducing 
HSP  expression — possibly  indicating  a  necrotic  rather  than 
apoptotic  cell  death  mechanism.  A  necrotic  mode  of  cell  death 
offers  a  significant  advantage  over  many  conventional  therapies 
that  rely  on  induction  of  pro-death  signal  transduction  path¬ 
ways  (Gottesman  2002;  Bergamaschi  et  al.  2003;  Pommier  et  al. 
2004),  because  it  does  not  provide  selective  pressure  to  induce 
the  evolution  of  treatment-resistant  cancer  cell  clones.  However, 
necrosis  has  not  been  universally  observed  as  the  mechanism 
of  cell  death  following  treatment  with  NIR  and  MWCNTs; 
Kratz  (2010)  reported  a  dramatic  increase  in  apoptosis  in  Hep 
G2  human  hepatocellular  carcinoma  cells  following  exposure 
to  MWCNTs  and  NIR.  To  date,  no  extensive  research  has  been 
conducted  to  factors  that  may  influence  the  mechanism(s)  of  cell 
death  induced  by  the  combination  of  CNTs  and  NIR,  and  this  is 
clearly  an  area  where  more  knowledge  is  needed. 

The  thermal  effects  generated  by  CNTs  may  have  benefits  in 
addition  to  direct  thermal  ablation  of  cancer  cells.  For  example, 
hyperthermia  can  increase  the  permeability  of  tumor  vascula¬ 
ture.  This  can  enhance  the  delivery  of  drugs  into  tumors,  as  well 
as  synergistically  enhance  cytotoxicity  when  combined  with  che¬ 
motherapy  or  radiotherapy  (Falk  and  Issels  2001).  In  this  regard, 
the  use  of  mild  NIR  irradiation  of  MWCNTs  to  rapidly  heat  can¬ 
cer  cells  to  temperatures  below  the  thermal  ablation  threshold 
has  been  shown  to  increase  the  uptake  of  codelivered  chemo¬ 
therapeutic  drugs  and  enhance  cancer  cell  death  both  in  vitro 
and  in  vivo  in  a  murine  ascites  tumor  model  (Levi-Polyachenko 
et  al.  2009).  Similarly,  it  was  also  demonstrated  that  photother- 
mal  heating  of  SWNTs  chemically  conjugated  with  platinum- 
based  chemotherapeutics  was  significantly  more  effective  than 
either  therapy  alone  (Feazell  et  al.  2007).  Such  strategies  may 
allow  increased  cancer  selectivity  of  chemotherapeutic  agents  or 
reduce  the  dose  necessary  for  efficacy  and  thus  reduce  the  toxic¬ 
ity  of  such  treatments. 

17.6  Tumor  Selective  Nanotube 
Binding  and  Uptake  for 
Enhanced  Anticancer  PTT 

Once  CNTs  come  into  contact  with  cells,  they  can  easily  pass 
through  cell  membranes  (Kostarelos  et  al.  2007).  The  mechanism 
of  CNT  internalization  is  still  not  completely  understood  and 


is  greatly  influenced  by  the  physicochemical  properties  of  the 
tubes  themselves  (Raffa  et  al.  2010).  It  is  believed  that  they  can 
enter  the  cell  both  passively  by  diffusion  across  the  lipid  mem¬ 
brane  and  are  transported  actively  by  endocytosis  or  receptor- 
mediated  endocytosis  (Shi  Kam  et  al.  2004;  Cai  et  al.  2005;  Chen 
et  al.  2008).  Internalization  of  CNTs  by  cells  offers  an  opportu¬ 
nity  for  extremely  confined  heating  effects.  For  example,  Kam 
et  al.  demonstrated  that  brief  NIR  excitation  (six  pulses,  each 
10  s  long,  at  1.4  W/cm2)  of  SWCNTs  taken  up  by  endocytosis 
can  trigger  endosomal  rupture  with  no  apparent  adverse  toxic¬ 
ity  (Kam  et  al.  2005;  McDevitt  et  al.  2007;  Welsher  et  al.  2008). 
Moreover,  the  combination  of  NIR  and  SWCNTs  was  shown  to 
selectively  release  noncovalent  molecular  cargoes  (DNA  in  this 
case)  from  nanotube  carriers.  In  contrast  to  the  nontoxic  effect 
observed  following  brief,  pulsed  exposure  to  NIR,  extensive  cell 
death  was  observed  after  cells  with  internalized  SWNTs  were 
continuously  exposed  to  NIR  for  2  min  of  radiation  under  a 
1.4  W/cm2  power  (Kam  et  al.  2005). 

This  result  hinted  that  if  SWNTs  could  be  selectively  internal¬ 
ized  into  cancer  cells,  NIR  radiation  of  the  nanotubes  could  then 
selectively  activate  or  trigger  cell  death  without  harming  nor¬ 
mal  cells.  One  strategy  to  allow  for  more  selective  therapy  would 
be  to  specifically  (or  actively)  target  CNTs  to  tumors.  This  can 
be  accomplished  by  conjugation  of  peptides,  proteins,  or  anti¬ 
bodies  to  the  surface  of  CNTs,  which  has  been  shown  to  increase 
the  specificity  of  tumor  targeting  (Kam  et  al.  2005;  McDevitt  et 
al.  2007;  Welsher  et  al.  2008).  The  addition  of  targeting  ligands 
involves  modifying  CNT  surface  chemistry  (functionalizing), 
which  could  affect  the  optical  absorbance  and  thermal  prop¬ 
erties  of  CNTs.  Several  studies  have  shown  that  under  limited 
experimental  conditions,  the  optical  properties  of  SWCNTs 
were  retained  after  adding  targeting  moieties  (Chakravarty  et 
al.  2008;  Marches  et  al.  2009).  To  date,  no  detailed  studies  have 
been  conducted  to  compare  the  photothermal  behavior  of  such 
functionalized  tubes  to  their  nonfunctionalized  precursors  over 
a  broad  set  of  conditions. 

An  early  approach  to  selective  targeting  adopted  by  several 
groups  was  to  use  folic  acid  (FA)  as  a  targeting  ligand  to  direct 
CNTs  to  FA  receptors  (FR),  which  are  overexpressed  on  many 
tumors  (Kamen  and  Smith  2004).  In  one  such  study  conducted 
in  vitro ,  SWCNTs  (average  length  150  nm)  were  conjugated  to 
FA,  and  directed  toward  human  cervical  cancer  cells  with  low 
FR  expression,  or  HeLa  cells  overexpressing  FR.  The  FR  over¬ 
expressing  cells  internalized  the  targeted  SWCNTs  (as  veri¬ 
fied  by  fluorescent  labeling),  whereas  normal  cells  with  low  FR 
expression  did  not  take  up  the  NTs.  After  the  cells  were  heated 
using  808-nm  laser  at  1.4  W/cm2  continuously  for  2  min,  exten¬ 
sive  cell  death  was  observed  for  the  FR  overexpressing  cells, 
whereas  cells  with  low  FR  expression  remained  intact  and  exhib¬ 
ited  normal  proliferation  behavior  (Kam  et  al.  2005).  Similar 
results  were  observed  by  Zhou  (2009),  and  by  Kang  et  al.  (2009), 
who  targeted  FA  conjugated  SWCNTs  to  human  hepatocellular 
carcinoma  cells  (HepG2)  overexpressing  FR.  In  the  latter  study, 
the  effect  of  NIR  combined  with  FA-targeted  SWCNTs  on  FR 
overexpressing  HepG2  cells  was  found  to  be  dependent  on  the 
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nanotube  concentration,  with  cell  death  rising  from  50%  in  cells 
treated  with  CNTs  at  a  concentration  of  2  (.ig/mL,  to  greater  than 
85%  cell  death  at  a  concentrations  of  20  pg/mL  and  higher.  In 
contrast,  similar  treatment  of  HepG2  cells  with  low  FR  expres¬ 
sion  resulted  in  less  than  10%  cell  death  at  SWCNT  concentra¬ 
tions  of  20  (Jg/mL  and  less.  However,  selectivity  of  this  treatment 
was  greatly  reduced  at  higher  nanotube  concentrations;  signifi¬ 
cant  cell  death  (35-40%)  was  observed  in  HepG2  expressing  low 
levels  of  FR  following  treatment  with  50  pg/mL  SWCNT  disper¬ 
sions,  indicating  that  nonspecific  binding  and  uptake  of  CNTs 
may  reduce  the  selectivity  of  this  treatment. 

Although  homogeneous  upregulation  of  FR  is  found  in  up  to 
90%  of  some  cancers  including  ovarian  and  brain  cancers,  other 
solid  tumors,  such  as  those  found  in  the  breast,  have  more  vari¬ 
able  folate  receptor  expression  with  only  about  50%  showing 
overexpression  (Leamon  and  Reddy  2004).  Therefore,  folate  is 
useful  as  a  targeting  modality  in  only  a  fraction  of  cancers.  The 
versatility  of  CNTs  as  a  platform  allows  for  display  of  many  types 
of  ligands  other  than  small  molecules  such  as  folate  including 
antibodies  with  binding  affinity  for  the  breast  cancer  associated 
receptor  Her2  (Marches  et  al.  2011;  Xiao  et  al.  2009).  In  one  such 
study,  anti-Her2  conjugated  SWCNTs  were  seen  to  bind  to  Her2 
expressing,  SK-BR-3  human  breast  adenocarcinoma  cells,  but 
remained  at  the  surface  without  internalizing  (Xiao  et  al.  2009). 
Little  binding  was  observed  in  Her2  negative  MCF-7  breast  ade¬ 
nocarcinoma  cells  following  exposure  to  anti-Her2  conjugated 
SWCNT.  After  washing  away  unbound  CNTs  and  adding  fresh 
media  to  the  cells,  treatment  with  an  NIR  laser  at  5  W/cm2  for 
2  min  killed  97%  of  SK-BR-3  cells.  Strikingly,  minimal  cell  death 
was  observed  using  nontargeted  SWCNTs  combined  with  NIR, 
and  the  Her2  antibody  alone  had  no  effect.  Similarly,  MCF-7 
cells,  to  which  the  anti-Her2  conjugated  SWCNTs  did  not  bind, 
were  spared  from  thermal  ablation  upon  identical  treatment 
conditions. 

Further  refinement  of  this  treatment  strategy  was  achieved 
by  Marches  et  al.  (2011),  who  also  conjugated  SWCNTs  to  an 
anti-Her2  antibody.  In  this  case,  the  anti-Her2  targeting  moi¬ 
ety  induced  internalization  of  the  SWCNTs  following  binding  to 
Her2  expressing  cancer  cells.  By  tracking  the  relative  cell  bind¬ 
ing  and  internalization  of  the  anti-Her2  conjugated  SWCNTs 
over  time,  Marches  et  al.  determined  that  cells  containing 
internalized  CNTs  were  more  sensitive  to  NIR-mediated  ther¬ 
mal  ablation  than  cells  that  bind  to,  but  do  not  internalize,  the 
CNTs.  Moreover,  in  a  mixed  population  of  cells  expressing  or 
not  expressing  Her2,  NIR-mediated  cell  damage  was  restricted 
primarily  to  Her2  expressing  cells  that  bound  and  internalized 
the  CNTs  (Marches  et  al.  2011),  demonstrating  the  possibility  of 
tailoring  this  type  of  therapy  to  differentiate  between  targets  on 
a  cell  by  cell  basis. 

One  significant  advantage  of  CNTs  over  other  nanoparticles 
is  that  because  of  the  large  surface  area/volume  ratio,  CNTs  can 
effectively  display  more  than  one  targeting  ligand  on  their  sur¬ 
face.  This  allows  CNTs  to  be  engineered  to  bind  to  multiple  recep¬ 
tors  overexpressed  on  cancer  cells,  a  strategy  that  can  be  used 
to  expand  both  the  tropism  and  specificity  of  cancer-targeted 


CNTs.  For  example,  antibodies  targeting  Her2  and  another 
receptor  overexpressed  in  breast  cancers,  insulin-like  growth 
factor  1  receptor  (IGF1R)  were  attached  to  SWCNTs  (Ning  et 
al.  2007).  In  cell  culture  studies,  the  binding  of  each  targeting 
ligand  did  not  affect  the  other,  allowing  specific  binding  to  both 
MCF-7  cells  (which  express  IGF1R  but  not  Her2)  and  BT474  cells 
(a  human  breast  ductal  carcinoma  cell  line  that  expresses  Her2 
but  not  IGF1R).  Following  NIR  irradiation,  almost  all  of  the 
cells  with  targeted  SWCNTs  were  killed.  NIR  irradiation  of  cells 
exposed  to  nonspecifically  targeted  SWCNTs  killed  fewer  cells 
(less  than  50%).  Significantly,  the  estimated  power  used  to  kill 
each  cell  was  calculated  to  be  approximately  200  nW  (an  order  of 
magnitude  less  than  other  protocols)  (Ning  et  al.  2007). 

Perhaps  the  most  striking  example  of  the  possibility  of  selec¬ 
tive  thermal  cancer  ablation  mediated  by  CNTs  was  recently 
demonstrated  through  the  use  of  SWCNTs  designed  to  accumu¬ 
late  at  an  intracellular  target.  In  2010,  Zhou  et  al.  demonstrated 
that,  following  coating  with  a  phospolipid  modified  to  contain 
polyethylene  glycol  (PEG)  in  the  head  group,  SWCNTs  selec¬ 
tively  accumulate  intracellularly  at  the  mitochondrial  mem¬ 
brane.  When  exposed  to  NIR,  these  SWCNTs  selectively  destroy 
the  target  mitochondria,  thereby  inducing  mitochondrial  depo¬ 
larization,  cytochrome  c  release,  and  caspase  3  activation.  In 
vivo ,  treatment  with  these  modified  SWCNTs  suppressed  tumor 
growth  in  a  murine  breast  cancer  model,  resulting  in  complete 
tumor  regression  in  some  cases  (Zhou  et  al.  2011). 

Strategies  to  selectively  target  CNTs  to  cancer  cells  for  ther¬ 
mal  ablation  therapy  are  not  limited  to  the  use  of  SWCNTs. 
Several  studies  have  demonstrated  that  similar  approaches  to 
those  described  above  for  SWCNTs  can  be  applied  to  MWCNTs, 
allowing  for  the  greater  heat  transduction  capability  of  MWCNTs 
to  be  used  for  targeted  PTT.  In  one  study,  MWCNTs  were  con¬ 
jugated  to  monoclonal  antibody  directed  GD2,  a  carbohydrate 
antigen  overexpressed  in  neuroblastomas  (Wang  et  al.  2009). 
Binding  and  internalization  was  found  to  be  specific  for  GD2 
expressing  neuroblastoma  cells,  whereas  control  rat  neuroendo¬ 
crine  tumor  cells  that  did  not  express  GD2  did  not  take  up  these 
MWCNTs.  Cells  were  heated  using  an  808-nm  laser  that  gradu¬ 
ally  increased  from  0.6  to  6  W/cm2  over  10  min  and  was  main¬ 
tained  at  6  W  for  5  min  more.  This  treatment  caused  necrosis  in 
nearly  all  GD2+  cancer  cells  (as  determined  by  calcein  staining) 
but  not  in  control  cells.  Only  the  cells  within  the  laser  zone  were 
killed,  and  a  clear  boundary  of  living  cells  delineated  the  border 
between  the  treatment  zone  and  cells  that  were  not  illuminated 
by  the  laser  (Wang  et  al.  2009). 

A  second  example  of  selectively  targeting  MWCNTs  involved 
functionalizing  the  surface  of  MWCNTs  with  human  serum 
albumin  in  order  to  target  the  albumin-binding  Gp60  recep¬ 
tor  expressed  in  hepatocellular  carcinoma  cells  (Kratz  2010). 
Specific  internalization  was  seen  in  Gp60  expressing  HepG2 
cells,  but  not  in  normal  hepatocytes.  Uptake  was  shown  to  be 
mediated  by  receptor  binding,  followed  by  caveolin-dependent 
endocytosis.  Following  NIR  irradiation  (808  nm;  2  W/cm2  for 
2  min)  cell  death  directly  correlated  with  increased  concentra¬ 
tions  of  CNTs  and  increased  CNT  exposure  time.  There  was  a 
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5-  to  6-fold  increase  in  apoptosis  of  cancer  cells  compared  to 
hepatocytes.  Treatment  with  nonfunctionalized  M  WCNTs  pro¬ 
duced  no  significant  differences  in  cell  death  between  the  cancer 
and  non-cancer  cell  lines. 

Targeted  thermal  ablation  therapies  based  on  CNTs  are  being 
tested  for  the  treatment  of  cancers  that  are  highly  resistant  to 
current  therapies,  including  glioblastomas  (Wang  et  al.  2011). 
In  glioblastomas  and  other  brain  tumors,  the  CD133  receptor 
appears  to  be  a  cancer  stem  cell  marker  associated  with  malig¬ 
nancy,  tumor  recurrence,  and  poor  survival.  (Singh  et  al.  2004; 
Beier  et  al.  2008;  Zeppernick  et  al.  2008).  Cancer  stem  cells  have 
been  putatively  identified  as  self-renewing  therapy-resistant 
populations  in  many  types  of  tumors  (Jordan  et  al.  2006).  In 
glioblastomas,  CD133+  subpopulations  are  enriched  following 
radiotherapy,  are  radio-  and  chemotherapy-resistant,  and  are 
responsible  for  restoring  tumor  cells  after  treatment  (Singh  et 
al.  2004;  Bao  et  al.  2006;  Lee  et  al.  2006).  Treatment  strategies 
based  on  targeting  this  subpopulation  maybe  able  to  prevent  the 
development  of  resistance  to  therapy. 

Recently,  Wang  et  al.  used  MWCNTs  chemically  conjugated 
to  a  monoclonal  antibody  directed  against  CD133  to  target  these 
cells.  In  cell  culture  experiments,  they  observed  specific  inter¬ 
nalization  of  these  targeted  MWCNTs  via  endocytosis  in  glio¬ 
blastoma  cells  that  expressed  CD133,  but  not  in  cells  that  did 
not.  Importantly,  these  were  not  immortalized  cells,  but  were 
cells  that  had  been  freshly  isolated  from  patients.  To  test  the 
selectivity  of  nanotube-enhanced  PTT,  mixed  populations  of 
both  cell  types  were  incubated  with  2.5  mg  of  the  MWCNTs  for 
6  h  and  then  were  irradiated  with  an  808-nm  laser  at  2  W/cm2 
for  5  min.  Flow  cytometry  confirmed  that  CD133+  cells  were 
killed,  whereas  CD133-  cells  were  spared.  These  effects  were 
further  recapitulated  by  an  in  vivo  xenograft  model  in  which 
CD133  expressing  glioblastoma  cells  were  pretreated  with  tar¬ 
geted  MWCNTs  before  injection  into  mice.  The  cells  took  up  the 
MWCNTs,  and  xenograft  growth  was  abolished  and  no  metasta- 
ses  were  detected  after  NIR  exposure  (Wang  et  al.  2011).  This  was 
a  key  demonstration  of  the  potential  of  CNTs  to  treat  glioblasto¬ 
mas  and  other  currently  untreatable  cancers. 

Cancer  stem  cells  are  particularly  well  described  in  breast  can¬ 
cer,  where  they  have  been  shown  to  be  highly  resistant  to  stan¬ 
dard  chemotherapy  and  radiotherapy  (Al-Hajj  et  al.  2003;  Diehn 
and  Clarke  2006).  Recent  work  by  Burke  et  al.  (2012)  describes 
the  utility  of  MWCNT-mediated  thermal  ablation  in  treating 
this  otherwise  therapy-resistant  cell  population.  Initially,  bulk 
(non-stem)  and  stem  breast  cancer  cells  were  treated  with  hyper¬ 
thermia  delivered  by  incubation  in  a  circulating  water  bath  to 
mimic  conventional  clinical  hyperthermic  therapy,  and  changes 
in  cell  viability  were  determined.  By  this  method,  breast  can¬ 
cer  stem  cells  were  significantly  more  resistant  to  hyperthermia 
than  bulk  breast  cancer  cells  across  the  entire  treatment  range. 
In  contrast,  when  both  cell  types  were  heated  to  the  same  final 
temperature  using  50  [rg/mL  amidated  MWCNTs  and  NIR  laser 
radiation  (1064  nm;  3  W/cm2),  stem  and  bulk  breast  cancer  cells 
were  equally  sensitive  to  MWCNT-mediated  thermal  therapy. 
The  authors  demonstrated  that  this  was  due  to  the  induction 


of  rapid  and  robust  necrotic  cell  death  following  MWCNT- 
mediated  thermal  therapy  that  was  largely  absent  after  conven¬ 
tional  hyperthermia.  Collectively,  these  findings  demonstrate 
that  nanotube-mediated  hyperthermia  is  functionally  distinct 
from  hyperthermia  delivered  by  other  means,  and  may  represent 
a  significant  therapeutic  advance  for  the  treatment  of  refractory, 
stem  cell-driven  cancers. 

17.7  Systemic  Delivery  and 

Biocompatibility  of  CNTs  for  PTT 

In  order  for  CNT  enhanced  PTT  to  spare  normal  tissue  from 
heating,  it  is  important  for  the  CNTs  to  be  selectively  taken  up 
by  tumor  cells  and  not  by  normal  cells.  Ideally,  this  could  be 
achieved  following  systemic  administration  of  tumor  targeted 
CNTs.  Significant  effort  has  been  made  to  achieve  selective  tar¬ 
geting  of  nanoparticles  to  tumor  sites  based  on  both  passive  and 
active  targeting  (Brannon-Peppas  and  Blanchette  2004;  You  et 
al.  2006;  Li  and  Huang  2008;  Ruenraroengsak  et  al.  2010;  Van 
Lehn  et  al.  2010;  Yoo  et  al.  2010).  Passive  targeting  refers  to  strat¬ 
egies  that  attempt  to  achieve  tumor  delivery  without  utilizing 
specific  biological  (ligand-receptor)  interactions  by  correlating 
the  physicochemical  and  surface  characteristics  of  the  nanopar¬ 
ticle  with  the  pathophysiology  and  anatomy  of  the  target  site. 
Active  delivery  is  inherently  dependent  on  passive  delivery  to 
reach  the  tumor  site,  but  also  adds  to  nanoparticles  the  ability  to 
associate  or  interact  with  specific  biological  moieties  by  attach¬ 
ment  of  ligands  with  an  enhanced  binding  affinity  for  comple¬ 
mentary  cellular  receptors,  as  discussed  above. 

For  the  past  20  years,  passive  strategies  to  selectively  deliver 
nanoparticles  to  tumor  sites  have  relied  on  the  enhanced  perme¬ 
ability  and  retention  effect.  First  reported  by  Maeda  et  al.,  the 
strategy  proposes  that  tumor  specificity  of  nanoparticles  that 
remain  in  circulation  for  long  periods  can  be  achieved  because 
of  the  nanoparticles’  ability  to  extravasate  through  the  leaky  vas¬ 
culature  surrounding  the  tumor  and  enter  the  tumor  site  (Maeda 
et  al.  2000;  Liu  et  al.  2008).  Long  blood  circulation  frequently 
is  achieved  through  coating  nanoparticles  with  steric  stabiliz¬ 
ers  such  as  PEG,  which  inhibit  blood  clearance  by  reducing  the 
uptake  of  nanoparticles  by  macrophages  and  other  components 
of  the  mononuclear  phagocyte  system.  Several  groups  have  dem¬ 
onstrated  that  PEG  coating  can  greatly  improve  the  tumor  local¬ 
ization  of  CNTs  following  intravenous  injection  in  mice  (Cato  et 
al.  2008;  Liu  et  al.  2009;  Bhirde  et  al.  2010). 

Recently,  this  strategy  for  passively  targeting  nanotubes  to 
tumors  intravenously  was  shown  to  be  effective  for  nanotube- 
enhanced  PTT  (Robinson  et  al.  2010).  Short  (140  nm),  PEG- 
coated  SWCNTs  at  a  dose  of  3.6  mg/kg  were  injected  via  the  tail 
vein  into  mice  bearing  4T1  murine  breast  tumors.  Three  days 
later,  SWCNT  accumulation  at  the  tumor  site  was  confirmed  by 
detection  of  the  inherent  NIR  photoluminescence  of  the  SWCNTs 
(1100-1400  pm  wavelength)  using  an  optical  imaging  system.  The 
tumors  were  heated  for  5  min  at  0.6  W/cm2  with  808  nm  laser, 
resulting  in  complete  tumor  ablation.  All  treated  mice  survived 
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without  recurrence  for  the  duration  of  the  6-month  study,  and  no 
toxicity  was  seen.  This  was  an  extremely  significant  step  toward 
the  development  of  a  tumor-selective,  systemically  delivered 
photothermal  ablation  agent.  It  is  important  to  note  that  in  this 
experiment,  the  nanotubes  were  not  modified  to  display  a  specific 
targeting  ligand,  nor  were  they  internalized  by  the  cancer  cells 
themselves.  More  research  is  needed  to  determine  if  active  target¬ 
ing  will  offer  an  additional  benefit  in  vivo. 

Although  these  results  indicate  the  CNTs  offer  great  prom¬ 
ise  for  targeted  hyperthermia  of  cancer,  the  translation  of  CNTs 
from  an  interesting  nanomaterial  to  an  effective  pharmaceutical 
product  is  still  in  its  nascence.  The  toxicity,  and  therefore  the 
ability  to  analyze  the  potential  risk-benefit  balance  for  these 
materials,  will  ultimately  determine  their  long-term  clinical  fate. 
Unfortunately,  the  development  of  an  accurate  toxicity  profile 
of  CNTs  is  a  complicated  matter.  Not  only  do  structural  char¬ 
acteristics,  such  as  diameter  and  length,  greatly  influence  bio¬ 
logical  and  toxicological  responses  following  injection  of  CNTs 
Q4  (Donaldson,  Aitken  et  al.  2006),  but  also  changes  in  surface 
functionalization,  which  alter  adsorption  properties,  electro¬ 
static  interactions,  hydrophobicity/hydrophilicity,  and  influence 
the  stability  of  CNT  dispersions,  also  affect  CNT  toxicity  (Dyke 
and  Tour  2004;  Lacerda  et  al.  2006).  Finally,  toxicity  may  also  be 
due  to  by-products  from  CNT  manufacturing,  including  resid¬ 
ual  catalysts  such  as  Co,  Fe,  Ni,  and  Mo  (Lacerda  et  al.  2006). 

The  toxicity  of  CNTs  has  been  reviewed  extensively  elsewhere 
(Ai  et  al.  2011;  Beg  et  al.  2011;  Donaldson  et  al.  2011;  Kaiser  et 
al.  2011;  Stella  2011;  Uo  et  al.  2011;  Zhang  et  al.  2011).  Therefore, 
only  a  few  key  studies  will  be  highlighted  here.  It  should  be 
noted  that  most  toxicity  studies  have  focused  on  environmen¬ 
tal  exposure  following  inhalation  of  pristine  CNTs  that  have  not 
been  modified  from  their  “as  produced”  state  (Jia  et  al.  2005; 
Lam  et  al.  2006;  Smart  et  al.  2006;  Warheit  2006;  Kolosnjaj  et 
al.  2007;  Wick  et  al.  2007;  Kostarelos  2008;  Koyama  et  al.  2009). 
For  example,  concerns  have  been  raised  regarding  the  possibil¬ 
ity  of  very  long  (10-20  pm)  nanotubes  to  induce  an  asbestos-like 
reaction  (Schipper  et  al.  2008),  or  for  inhalation  of  nanotubes 
to  cause  dose-dependent  granulomatous  pneumonia,  oxida¬ 
tive  stress,  and  acute  inflammatory  and  cytokine  responses, 
with  fibrosis  and  decrease  in  pulmonary  function  (Shvedova  et 
al.  2005),  and  the  possibility  that  CNTs  may  elicit  an  immune 
or  allergic  response  (Park  et  al.  2009;  Ryman-Rasmussen  et  al. 
2009). 

CNTs  are  inherently  hydrophobic,  and  the  toxicity  of  the 
pristine  CNTs  may  be  largely  due  to  their  hydrophobicity  (Sayes 
et  al.  2006).  CNTs  used  for  biomedical  applications  must  be 
modified  in  some  way  from  their  pristine,  as-produced,  condi¬ 
tion  in  order  to  render  them  suitable  for  dispersion  in  aqueous 
environments  (Burke  et  al.  2011).  Typical  modifications  include 
acid  oxidation  of  the  CNT  exterior  to  introduce  carboxyl  groups 
(reviewed  by  Tasis  et  al.  2003),  “wrapping”  CNTs  in  long-chain 
surfactants  (reviewed  by  Nakashima  and  Fujigaya  2007),  and 
as  noted  above,  linking  antibodies  or  other  targeting  moieties 
to  the  CNT  surface  both  to  aid  in  their  dispersion  and  promote 
their  accumulation  in  tumor  tissue  (Liu  et  al.  2007;  McDevitt  et 


al.  2007).  Such  chemical  modifications  can  improve  the  overall 
toxicity  profile  of  CNTs  and  enhance  their  body  clearance  (Dyke 
and  Tour  2004;  Lacerda  et  al.  2006;  Sayes  et  al.  2006). 

The  use  of  CNTs  as  nanomedicines  will  necessitate  bypass¬ 
ing  the  body’s  natural  defenses,  possibly  through  intrave¬ 
nous  delivery,  where  alternative  toxicities  might  be  observed. 
Because  of  the  ability  of  intravascularly  delivered  particulates 
to  induce  undesired  thrombotic  events  (Radomski  et  al.  2005; 
Dobrovolskaia  et  al.  2008;  Mayer  et  al.  2009;  Semberova  et  al. 
2009),  demonstration  that  CNTs  are  compatible  with  blood  is 
particularly  critical.  Recently,  the  role  played  by  chemical  func¬ 
tionalization  of  CNTs  on  blood  toxicity  following  intravenous 
injection  into  mice  was  examined  (Burke  et  al.  2011).  It  was 
found  that  pristine  MWCNTs  were  substantially  more  thrombo- 
genic  than  chemically  functionalized  MWCNT  following  intra¬ 
venous  injection  in  mice.  At  a  dose  of  250  pg,  pristine  MWCNT 
were  acutely  lethal,  inducing  blockage  of  the  pulmonary  vascu¬ 
lature.  In  contrast,  an  equivalent  dose  of  covalently  functional¬ 
ized  MWCNTs  exerted  little  effect  on  coagulation  in  vivo,  with 
their  sole  measurable  effect  being  a  transient  depletion  of  plate¬ 
lets.  Consistent  with  this,  the  majority  of  studies  in  which  mice 
were  injected  with  CNTs  that  have  been  chemically  functional¬ 
ized  to  improve  aqueous  dispersion  have  not  shown  any  long¬ 
term  or  chronic  toxicity  (Lacerda  et  al.  2006;  Singh  et  al.  2006; 
Liu  et  al.  2008;  Yang  et  al.  2008;  Deng  et  al.  2009;  Qu  et  al.  2009). 
Although  larger  and  longer-term  studies  must  be  undertaken 
before  the  toxicity  profile  of  CNTs  is  fully  understood,  it  appears 
that  CNTs  can  be  designed  to  be  biocompatible  and  suitable  for 
systemic  delivery. 

17.8  Perspectives  on  Translational 
Potential  of  CNT-Enhanced  PTT 

CNTs  have  the  potential  to  play  a  key  role  in  the  next  generation 
of  photothermal  agents.  They  offer  a  unique  capacity  for  design¬ 
ing  and  tuning  optical,  thermal,  and  cancer-selective  properties 
that  are  not  possible  with  other  types  of  therapeutic  vectors. 
Clinical  applications  of  CNT-enhanced  photothermal  ablation 
could  not  only  provide  rapid  and  localized  heating  in  response 
to  NIR,  but  also  be  compatible  with  noninvasive  imaging  to  spa¬ 
tially  define  the  margins  of  the  target  lesion,  assess  the  distri¬ 
bution  of  injected  CNTs  within  the  tumor,  ensure  the  that  the 
appropriate  thermal  dose  is  achieved  in  the  target  area,  and  track 
the  response  of  the  treated  area  to  therapy  over  time.  This  com¬ 
bined  functionality  allows  CNTs  to  overcome  many  of  the  draw¬ 
backs  of  traditional  thermotherapy  and  may  allow  for  expanded 
clinical  use  of  image-guided  LITT  and  improved  therapeutic 
outcomes  for  cancer  patients  following  such  treatment. 

Conceptually,  benefits  to  patients  offered  by  CNTs  could  be 
safely  achieved  using  minimally  invasive  methods.  For  exam¬ 
ple,  CNTs  could  be  infused  directly  into  a  tumor  or  the  main 
blood  supply  of  a  tumor  could  be  identified  intraoperatively  by 
ultrasound  to  allow  for  intra-arterial  infusion  of  CNT  disper¬ 
sions  followed  by  laser  irradiation  using  a  mini-laser-guided 
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by  a  videoscopic  or  other  real-time  imaging  modality.  As  noted 
by  Iancu  and  Mocan  (2011),  the  potential  benefits  of  such  a 
treatment  strategy  include  reduced  postoperative  pain,  more 
rapid  recovery  and  decreased  hospitalization,  fewer  surgical  or 
wound  complications,  and  improved  cosmetics.  Additionally, 
the  next  era  of  thermal  therapy  could  include  not  only  the  use 
of  nanoparticles  for  ablation  of  tissues,  but  the  evaluation  of 
nanoparticles  for  codelivery  of  chemotherapeutic  agents  to  can¬ 
cer  cells.  Efficient  strategies  for  selectively  targeting  CNTs  to 
tumors  following  intravenous  or  arterial  injection  may  further 
enhance  treatment  efficacy. 

Further  research  will  be  required  to  critically  assess  the 
potential  for  toxicity  as  well  as  evaluate  pharmacologic  proper¬ 
ties  of  newly  designed  targeted  CNTs.  Since  these  properties  will 
depend  on  the  precise  particle  under  evaluation,  extensive  mate¬ 
rials  assessment  will  be  a  critical  preamble  to  successful  clinical 
development.  The  encouraging  results  obtained  to  date  with  a 
variety  of  CNTs  suggest  that  we  have  only  begun  to  plumb  their 
therapeutic  potential. 
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The  design  of  multifunctional  nanofluids  is  highly  desirable  for  biomedical  therapy/cellular 
imaging  applications. f1^1]  The  emergence  of  hybrid  nanomaterials  with  specific  properties, 
such  as  magnetism  and  fluorescence,  can  lead  to  an  understanding  of  biological  processes  at 
the  biomolecular  level,  f1]  Various  hybrid  systems  have  been  analyzed  in  the  recent  past  for 
several  possible  biomedical  applications. [5~9]  Carbon-based  hybrid  systems  such  as  carbon 
nanotubes  with  various  nanoparticles  are  being  widely  tested  for  their  biological  applications 
because  of  their  ability  to  cross  cell  membranes  and  their  interesting  thermal  and  electrical 
properties,  f10’11]  Graphene  oxide  (GO)  is  a  fairly  new  graphene -based  system  with  a  2D 
carbon  honeycomb  lattice  decorated  with  numerous  functional  groups  attached  to  the 
backbone:  these  functional  groups  make  it  an  excellent  platform  for  further  attachment  of 
nanoparticles  and  synthesis  of  hybrid  materials.  Cell  viability  studies  on  GO  have  been 
recently  attempted,  showing  biocompatibility.  [12,13]  Moreover,  the  intrinsic 
photoluminescence  (PL)  properties  of  GO  can  be  utilized  for  cellular  imaging. [13]  The  large 
surface  area  and  non-covalent  interactions  with  aromatic  molecules  make  GO  an  excellent 
system  for  biomolecular  applications  and  drug  attachment. 

On  the  other  hand,  magnetic-field-assisted  biomolecular  imaging,  drug  delivery,  and  therapy 
have  received  tremendous  attention  in  nano-biotechnology  since  the  proposal  of  magnetic 
materials  for  hyperthermia  treatment  of  cancer,  in  1957. [14]  Iron  oxide  (Fe304)  occupies  a 
unique  position  among  the  various  magnetic  materials  as  a  result  of  its  considerable 
saturation  magnetization  (87  emu  g_1),  interesting  transport  properties,  and,  above  all,  high 
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bio-compatibility.  [2]  Aqueous  ferrofluids  based  on  superparamagnetic  iron  oxide  (SPION, 
ultrafine  Fe3C>4  nanoparticles  having  size  -10  nm)  are  well  proven  for  their  biomedical 
applications  such  as  magnetic  hyperthermia  (using  their  radio-frequency  power  loss), 
magnetic  contrast  enhancement,  enzyme  immobilization,  and  drug  targeting  and  delivery. 

I'°l 


The  advent  of  state-of-the-art  biomedical  imaging  tools  has  helped  the  development  of  cell 
imaging/tracking  or  gene  monitoring  with  high  temporal  and  spatial  resolution.  ]15'16]  Non- 
invasive  multimodality  techniques  are  also  rapidly  changing  the  evolving  field  of 
experimental  imaging  based  on  genetic  expression  and  thus  becoming  suitable  for  future 
clinical  practice.  Each  imaging  technique  has  its  own  limitations,  and  multimodality  imaging 
agents  can  address  this  hurdle.  Magnetic  resonance  imaging  (MRI)  is  an  important 
diagnostic  tool  and  is  unique  in  its  ability  to  generate  3D  images  of  opaque  and  soft  tissues 
with  high  spatial  resolution.  More  interestingly,  contrast  in  MR  images  arising  from  the 
variation  in  inherent  relaxation  times  can  be  manipulated  using  contrast  agents.  But,  despite 
its  competitive  molecular  imaging  capability,  the  inherent  low  sensitivity  of  the  MRI 
technique  demands  the  synthesis  of  high  contrast  enhancement  agents.  This  has  led  to  the 
use  of  nanoparticles  of  gadolinium  (Gd,  paramagnetic)  and  iron  oxide  (ferromagnetic/ 
superparamagnetic)  as  high  relaxivity  contrast  enhancement  agents. 

Hybrid  materials  can  also  enable  non-invasive  imaging  methods  and  diagnosis  protocols  by 
combining  the  unique  properties  of  the  individual  system.  Advances  in  nanotechnology  have 
led  to  the  development  of  hybrid  versions  of  these  nanoparticles,  which  can  improve  upon 
the  low  sensitivity  of  MRI  by  other  techniques  such  as  fluorescence.  Fluorescence  allows 
bio-imaging  with  high  speed  and  sensitivity.  It  has  been  established  that  a  combination  of 
magnetic  and  fluorescent  imaging  techniques  with  nanostructured  systems  will  be  beneficial 
for  in  vivo  disease  diagnosis  and  in  vitro  monitoring  of  living  cells.]17]  However,  the 
synthesis  of  highly  luminescent  biomaterials  using  ferromagnetic/superparamagnetic  Fe304 
is  a  complicated  development  owing  to  the  fluorescence  quenching  property  of  Fe3C>4. 
Researchers  have  developed  lumino-magnetic  phosphors  for  cell  imaging  applications,  ]18] 
but  all  those  nanophosphor  materials  are  paramagnetic  in  nature,  limiting  their  bio¬ 
applications  with  low  magnetic  field  assistance.  Such  a  multimodality  technique  can 
combine  the  high  spatial  (50  p.m)  and  temporal  resolution  of  MRI  with  the  high  sensitivity 
of  optical  imaging  probes,  and  most  MRI/optical  multimodal  agents  are  based  on  organic 
dyes.]1]  Though  SPIONs  have  been  commercially  identified  for  their  applications  in  T2- 
weighted  MRI  contrast  enhancement,  other  imaging  modalities  using  bare  SPIONs  cannot 
be  realized.  Recently,  core/shell  nanoparticles  with  SPIONs  and  polymer-passivated  SPION/ 
metallic  hybrid  structures  have  proven  their  efficacy  in  other  modalities  such  as  optical 
imaging,  magnetomotive  photoacoustic  imaging,  and  scattering-based  imaging.  [19~21] 

Here  we  report  the  synthesis  and  demonstration  of  a  single  hybrid  nanosystem  for  dual¬ 
mode  cellular  imaging  using  PF  and  MRI.  An  aqueous  suspension  of  2D  nanofillers  of  GO- 
Fe304  (GO-F)  at  neutral  pH  (-7)  is  synthesized  by  a  simple  chemical  route.  Recently,  there 
have  been  some  reports  on  the  synthesis  of  iron  oxide  functionalized  GO  particles  by 
different  chemical  routes, [22~24]  but  the  material  has  not  been  exploited  in  bio-imaging 
applications.  Here  we  discuss  a  detailed  PF  study  conducted  on  this  nanofluid  and  its  in 
vitro  cancer  cell  imaging,  hence  demonstrating  GO-F  as  a  possible  multimodalagent  without 
any  cell  cytotoxicity.  Direct  use  of  iron  oxide  ( Fe3 O 4/y Fe 2 O 3 )  for  targeted  drug  delivery  is 
not  efficient  owing  to  a  “drug  burst”  effect  (quick  release  of  the  drug  upon  injection)  before 
the  desired  site  is  reached,  and  GO-F  may  be  a  better  candidate  since  it  has  been 
demonstrated  using  Rhodamine  molecules  that  aromatic  drug  molecules  can  be  directly 
attached  to  the  GO  lattice.  ]25  27 \  In  addition,  theoretical  evaluation  of  radio  frequency 
power  loss  by  measuring  the  specific  absorption  rate  (SAR)  for  Fe304  nanoparticles  having 
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size  -10  nm  shows  high  values,  indicating  their  suitability  for  applications  in  magnetic 
hyperthermia. [28]  However,  the  heat  transfer  ability  of  Fe304-based  ferrofluid  is 
comparatively  poor.  The  high  heat  transfer  ability/thermal  conductivity  of  GO  can  make 
GO-F  an  ideal  material  for  hyperthermia  applications. 

Development  of  a  GO-SPION-based  hybrid  system  will  also  help  in  the  investigation  of  the 
role  of  different  parameters,  such  as  surface  roughness,  functional  groups,  and  shape/ 
morphology  of  nanoparticles,  in  creating  bio/nano  interfaces. [29-31]  Mahmoudi  and 
Serpooshan  proved  that  SPIONs  with  jagged  surfaces  can  absorb  various  biomolecules/ 
proteins  much  more  strongly  than  SPIONs  with  smooth  surfaces. [29]  The  GO  flake  platform 
also  has  considerable  surface  roughness  and  contains  many  functional  groups,  making  it  a 
unique  material  for  understanding  the  biophysical  properties  at  bio/nano  interfaces. 

We  studied  nanofluid  stability  using  zeta  potential  measurements  (Malvern  Zen  3600 
Zetasizer)  along  with  measurements  of  the  hydrodynamic  radius  of  the  particles  by  dynamic 
light  scattering.  The  zeta  potential  of  GO-F  is  -48.7  mV,  indicating  “good  stability”  of  the 
nanofluid.  This  guarantees  a  long  shelf-life.  The  hydrodynamic  radius  of  GO-F  was  found  to 
be  -583  nm.  In  situ  chemical  synthesis  allows  Fe304  nanoparticles  to  be  covalently  attached 
on  to  the  GO  surface^16]  Hence,  the  GO-F  stable  suspension  is  formed  through  the  oxygen 
functionalities  of  GO  with  Fe304.  Small  flakes  of  GO,  after  sonication  for  3  h,  were  fully 
suspended  in  water  for  2  days.  A  schematic  of  GO-F  is  shown  in  Figure  la.  Epoxy, 
carboxyl,  or  hydroxyl  groups  available  in  GO  make  it  chemically  bond  with  Fe304-  This 
was  further  verified  by  Fourier  transform  infrared  (FTIR)  analysis. 

A  TEM  image  of  GO-F  is  shown  in  Figure  lb.  The  Fe304  nanoparticles  having  a  size  of 
approximately  10  nm  are  uniformly  distributed  in  GO.  High-resolution  TEM  (HRTEM) 
images  and  a  selected  area  electron  diffraction  (SAED)  image  showing  the  (311)  lattice 
plane  of  Fe304  (with  dark  contrast)  are  shown  in  the  Supporting  Information  (Figure  SI).  In 
order  to  prove  the  graphitic  nature  of  the  nanocomposite  sample,  micro-Raman  studies  were 
conducted  with  GO-F  powder;  the  result  is  shown  in  Figure  lc.  Graphitic  G  (order)  and  D 
(disorder)  Raman  modes  are  marked  in  the  figure.  The  higher  intensity  G  peak  indicates  the 
extent  of  graphitization  of  the  sample.  The  inset  in  this  figure  is  a  photograph  of  a  stable 
GO-F  suspension.  The  magnetic  nature  of  the  powder  was  verified  using  a  vibrating  sample 
magnetometer  (VSM).  The  room  temperature  (300  K)  magnetization  M(H)  curve  is  depicted 
in  Figure  Id.  The  sample  shows  a  typical  superparamagnetic  S-like  curve,  which  indicates 
the  contribution  of  ultrafine  Fe304.  The  XRD  pattern  of  the  GO-F  powder  is  shown  in 
Figure  le.  It  consists  of  broad  amorphous-like  peaks  around  24°  and  44°,  corresponding  to 
GO  having  a  lattice  spacing  of  -0.39  nm.  The  XRD  results  also  indicate  the  presence  of 
Fe304  (International  Centre  for  Diffraction  Data,  ICDD:  750449).  FTIR  spectra  of  GO  and 
GO-F  are  shown  in  Figure  If.  The  presence  of  different  types  of  oxygen  functionalities  in 
GO  is  evident  from  peaks  corresponding  to  oxygen  stretching  vibration  (2900-3600  cm-1,  - 
OH  vibration),  C=0  stretching  vibration  (1720  cm-1),  C-OH  stretching  vibration  (1220 
cm-1),  and  C-O  stretching  vibration  (1060  cm-1)  in  Figure  If  (dark  line).  Moreover,  the 
signature  of  aromatic  C=C  stretching  at  -1600  cm-1  indicates  the  presence  of  the  sp2 
hybridized  honeycomb  lattice.  The  GO-F  also  contains  these  functional  groups,  but  the 
positions  of  the  bonds  are  red  shifted  and  the  sharpness  of  the  peaks  is  changed,  particularly 
that  of  aromatic  C=C  bonding  (Figure  le;  light  line).  This  indicates  the  change  in  the 
coordination  environment  of  various  functional  groups  in  GO-F.  Peaks  between  400  and  700 
cm-1  correspond  to  those  of  Fe-O  in  Fe304-  The  shift  in  the  peak  position  and  modification 
of  C=C  bonding  is  proposed  as  evidence  for  covalent  bonding  in  GO  with  other 
nanoparticles.  The  presence  of  iron  oxide  in  GO-F  is  further  understood  from  the  XPS 
analysis.  The  Fe  2p  XPS  spectrum  of  GO-F  is  shown  in  Figure  If  (the  complete  XPS 
spectrum  is  provided  in  Figure  S2  in  the  Supporting  Information).  The  peaks  of  Fe  2pl/2 
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and  Fe  2p3/2  at  710.9  eV  and  725  eV,  respectively,  establish  the  fact  that  the  iron  oxide  in 
the  sample  is  Fe3C>4.  To  explore  the  facets  of  chemical  interactions,  interfacial  effect,  and 
associated  optical  properties  of  GO-F  nanofluid,  we  characterized  the  pristine  GO,  Fe304 
ferrofluid,  and  GO-F  suspensions  (in  water)  through  UV-visible  absorption  spectroscopy. 
Figure  2a  shows  the  absorption  spectra  of  Fe304,  GO,  and  GO-F.  The  absorption  result 
reveals  that  GO-F  is  optically  transparent  in  the  700-800  nm  range.  A  blue  shift  of  the 
absorption  edge  is  noticed  when  the  absorption  spectrum  of  GO-F  is  compared  to  that  of 
Fe304  ferrofluid.  A  higher  concentration  of  Fe304  nanoparticles  in  GO  strengthens  such 
effects  and  therefore  leads  to  the  blue  shift  of  the  absorption  spectrum.  The  blue  shift  of  the 
absorption  edge  for  GO-F  can  be  attributed  to  two  factors:  a)  the  integration  effect  in  the 
bandgap  due  to  composite  formation  between  GO  (1.70  eV)[32]  and  Fe304  (-2.9  eV),  [33] 
and  b)  the  surface  interaction  and  interface  formation  effect  between  Fe304  and  functional 
groups  present  in  GOJ34,3^  The  absorption  peak  at  -250  nm  throws  light  onto  the  fact  that  a 
strong  interface  has  formed  between  GO  and  Fe304  (since  the  absorption  peaks  of  pristine 
GO  and  Fe304  are  observed  at  -228  nm  and  -354  nm,  respectively).  This  has  been  further 
confirmed  by  PL  spectroscopy. 

Figure  2b  exhibits  the  PL  emission  spectrum  of  Fe304  ferrofluid.  An  emission  peak  is 
observed  at  416  nm  upon  excitation  at  365  nm  wavelength(3.39  eV)  and  Figure  2c 
represents  the  corresponding  PLE  (excitation)  spectmm  for  Fe304  nanoparticles  at  416  nm 
(2.98  eV)  emission  of  Fe304  nanoparticles.  The  observed  result  is  consistent  with  other 
reports. [36]  To  investigate  further  the  chemical  interaction  and  the  interface  formation 
between  GO  and  Fe304,  rigorous  PL  studies  on  the  GO-F  hybrid  system  were  performed. 

PL  results  are  shown  in  Figures  2d-f.  In  order  to  confirm  the  interface  formation,  we  excited 
the  hybrid  system  at  365  nm  wavelength,  which  will  help  to  make  a  comparative  study  with 
Fe304-  Interestingly,  the  PL  emission  spectrum  of  the  GO-F  hybrid  system  shows  two 
strong  peaks.  One  of  them  can  be  attributed  to  Fe304  and  the  other  to  the  interface  formation 
between  GO  and  Fe304,  as  expected,  through  oxygen  functionalities.  In  order  to  ensure  that 
the  extra  peak  represents  the  interface  formation,  we  performed  a  PLE  experiment.  This  will 
compute  the  actual  excitation  of  the  GO-F  hybrid  system.  Figure  2e  is  the  PLE  spectrum  of 
GO-F  at  469  nm  emission.  Figure  2f  shows  strong  blue  peak  emission  centered  at  469  nm 
with  estimated  color  coordinates  x=  0.2035,  v  =  0.2427  of  the  GO-F  nanocomposite  at  324 
nm  excitation  wavelength.  Moreover,  we  also  performed  PL  emission  spectroscopy  of  the 
pristine  GO  sample  at  324  nm  excitation  to  ensure  that  the  additional  peak  is  due  to  interface 
formation  (Figure  2h).  The  enhanced  luminescence  in  GO-F  arises  from  the  interface 
between  GO  and  Fe304  nanoparticles  through  oxygen  functionalities,  that  is,  carboxyl, 
carbonyl,  epoxy,  and  hydroxyl  groups,  present  in  GO  nanoparticles.  A  strong  blue  emission 
of  the  hybrid  is  ascribed  to  the  integration  of  surface  effects  of  GO-F  and  optical  emission  of 
Fe304  nanoparticles. 

To  know  the  efficacy  of  the  GO-F  nanofluid  system  as  an  efficient  fluorescent  marker,  we 
performed  time -resolved  photoluminescence  (TRPL)spectroscopy.  Luminescence  decay 
profiles  of  GO-F  are  shown  in  Figure  2i.  Decay  was  recorded  for  the  GO-F  transitions  at  469 
nm  for  emission  at  37 1  nm  excitation  measured  at  room  temperature  by  a  time-correlated 
single  photon  counting  technique.  Lifetime  data  of  the  GO-F  hybrid  were  very  well  fitted  to 
a  double-exponential  function  as  shown  in  Figure  2i.  Parameters  generated  from  iterative 
reconvolution  of  the  decay  with  the  instrument  response  function  (IRF)  are  listed  in  Figure 
2j.  Observed  lifetimes  of  the  GO-F  are  T\  =  0.70  ns  and  t2  =  4.80  ns.  For  double¬ 
exponential  decay,  the  average  lifetime,  rav,  is  determined  by[15’37’38] 
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A\t\+A2t\ 

Tav=  .  -  (1) 

Ain+A2T2 

The  average  lifetime  of  this  GO-F  system  is  estimated  to  be  rav  ~  4.65  ns.  The  observed 
lifetime  of  GO-F  is  in  nanoseconds,  suggesting  that  the  synthesized  GO-F  hybrid  material  is 
most  suitable  for  biological  applications. 

As  hypothesized,  GO-F  hybrid  nanosuspensions  can  be  used  for  biological  applications  such 
as  bioimaging,  cell  tracking,  and  drug  delivery,  if  the  inherent  toxicity  of  the  material  allows 
it.  Therefore,  the  cytotoxicity  of  GO-F  was  evaluated  using  the  MTT  viability  assay  with 
two  different  human  breast  cancer  cell  lines,  MDA-MB-231  and  T47D,  for  the  indicated 
period  of  time.  As  shown  in  Figure  3  (Figure  S4),  no  marked  cell  death  or  proliferation 
defects  were  observed  with  cells  cultured  in  GO-F  suspensions  compared  to  the  untreated 
control  cells,  suggesting  that  GO-F  does  not  pose  any  considerable  toxicity  problem  to  the 
cells. 

To  determine  whether  the  GO-F  hybrid  can  be  used  for  cellular  imaging,  we  performed  in 
vitro  cellular  imaging  studies  using  the  human  breast  cancer  cell  line  T47D.  Figure  4a  shows 
fluorescent  microscopy  images  of  T47D  cells  treated  with  GO-F  for  24  h  (its 
biocompatibility  is  shown  in  Figure  S4;  cell  viability  is  consistent  with  the  study  on  the 
other  cell  line  MDA-MB-231).  The  blue  fluorescent  GO-F  is  distributed  inside  the 
cytoplasm  as  shown  in  Figures  4aii,  iii,  v,  and  vi.  The  Figures  4aiv-vi  show  magnified  views 
of  individual  T47D  cells  treated  with  GO-F.  The  overlap  of  fluorescence  and  phase  contrast 
images  clearly  shows  the  cellular  localization  of  GO-F  (an  individual  cell  staining  is  shown 
in  Figure  S4  in  the  Supporting  Information;  it  indicates  that  the  nanoparticles  are  distributed 
outside  the  cell  nucleus  and  inside  the  cell  cytoplasm).  Another  breast  cancer  cell  line  named 
SUM159PT,  which  is  a  metastatic  breast  cancer  cell,  was  also  imaged  using  the  fluorescence 
of  GO-F  and  is  shown  in  Figure  S5  in  the  Supporting  Information. 

Nowadays,  MRI  is  widely  used  to  aid  the  diagnosis  of  many  medical  disorders.  It  is  a  safe 
non-invasive  technique  for  medical  imaging  compared  to  other  techniques  such  as  X-ray 
computer  tomography,  where  ionizing  radiations  are  used.  Moreover,  owing  to  subtle 
physicochemical  differences  between  organs  and  tissues,  MRI  is  capable  of  differentiating 
tissue  type  and  diseases  that  may  not  be  detected  by  other  imaging  techniques.  In  order  to 
evaluate  GO-F  as  a  potential  MRI  T2  contrast  agent,  GO-F  was  suspended  in  agarose  in 
graded  concentrations  and  T2  values  were  measured  on  a  7T  MR  scanner  with  a  multi-slice 
multi-echo  (MSME)  sequence.  The  results  were  fitted  into  a  three -parameter  spin-spin 
relaxation  equation  using  Matlab.  The  T2  value  of  2%  agarose  phantom  was  greatly  reduced 
from  1 1 1.9  to  33.8  and  61.7  ms  when  doped  with  100  |xg  mL-1  and  10  |xg  mL-1  GO-F, 
respectively.  T2-weighted  MR  images  are  shown  in  Figure  4b.  To  calculate  molar  relaxivity, 
we  used  XPS  to  determine  the  elemental  percentage  of  iron  in  GO-F.  On  a  molar  basis,  GO- 
F  was  63.42%  carbon,  35.64%  oxygen,  and  0.94%  iron.  Based  on  GO-F’s  iron  content,  its 
T2  relaxivity  was  297.06  mM_1  s-1.  As  expected,  GO-F  did  not  enhance  T1  relaxivity.  High 
contrast  even  with  100  p.g  mL-1  (with  these  amounts  no  cell  death  has  been  observed) 
indicates  that  GO-F  is  a  unique  material  for  MRI  clinical  imaging.  In  order  to  find 
applications  of  this  magnetic  GO-F  in  other  fields,  such  as  therapy,  thermal  conductivity 
measurements  have  been  conducted  and  details  are  provided  in  the  Supporting  Information. 
Enhanced  thermal  conductivity  of  GO-F  also  shows  its  possibilities  in  magnetic 
hyperthermia. 

In  conclusion,  we  have  demonstrated  a  2D  hybrid  nanostructure-based  nanofluid  that  can  be 
used  as  a  contrast  agent  in  a  dual  mode  imaging  process,  and  that  allows  one  to  easily 
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combine  two  complementary  techniques  (T2  MRI  and  optical  fluorescence  imaging)  in 
cellular  imaging.  An  interfacial  energy  transfer  mechanism  has  been  identified  for  the  PL  of 
GO-F.  The  time-resolved  spectroscopy  measurements  reveal  a  nanosecond  decay  for  hybrid 
GO-F  fluid,  indicating  its  potential  applications  in  biological  systems.  The  hybrid  GO-F 
fluid  showed  good  cell  viability  with  different  cancer  cell  lines.  This  nanofluid  exhibited  an 
enhanced  thermal  conductivity  and  the  nanoparticles  of  GO-F  were  found  to  penetrate  the 
cell  cytoplasm,  making  it  viable  for  intra-cellular  magnetic  hyperthermia  applications.  The 
surface  functionalities  in  GO  provide  a  good  platform  for  large  loading  of  aromatic  drug 
molecules,  thereby  avoiding  “drug  burst”  effects  associated  with  bare  SPIONs. 

Experimental  Section 

GO-F  synthesis 

GO  was  synthesized  in  water  using  a  modified  Hummers’  method  as  previously  reported. 

[39]  Uniformly  sized  Fe304  nanoparticles  were  synthesized  within  the  GO  suspension  using 
a  chemical  co-precipitation  technique.  FeS04-7H90  (1  mL,  0.1  M)  and  FeCl3  (1  mL,  0.2  M) 
were  placed  in  a  conical  flask  and  mixed  well  using  sonication.  1  mL  of  this  solution  was 
added  to  10  mL  of  the  GO  suspension  and  magnetically  stirred  for  half  an  hour.  Ammonia 
solution  was  dropped  into  this  mixture  with  constant  stirring  until  the  pH  of  the  solution 
reached  10  and  the  Fe304  nanoparticles  started  to  precipitate  within  the  GO.  As  soon  as  the 
pH  reached  10,  a  3  M  citric  acid  solution  was  added  dropwise  while  the  solution  was  heated 
to  75  °C  with  constant  magnetic  stirring  for  30  min.  This  solution  was  filtered  (100  nm 
Teflon  filter  paper)  and  washed  several  times  using  distilled  water  until  neutral  pH  was 
reached.  The  resultant  filtrate  was  re-dispersed  in  distilled  water  using  extensive  sonication. 

Characterization  tools 

The  structural  and  morphological  analyses  of  GO-F  powder  were  carried  out  using  HRTEM 
(JEM  2100F  transmission  electron  microscope),  and  the  Raman  study  was  conducted  using  a 
micro-Raman  spectroscope  (Renishaw,  inVia).  Room  temperature  magnetic  properties  were 
probed  using  a  VSM.  XRD  studies  were  conducted  using  Cu  Ka  radiation.  FTIR  studies  on 
the  sample  were  performed  using  a  Nicolet  FTIR  microscope,  while  XPS  was  carried  out 
using  a  PHI  Quantera  X-ray  photoelectron  microscope.  UV-vis  spectra  were  collected  using 
a  high  resolution  UV-vis  spectrophotometer  (Shimadzu,  model  no.  UV-2450)  using  quartz 
cells  with  a  10  mm  path  length.  PL  characterization  was  conducted  using  a  luminescence 
spectrometer  (NanoLog,  Horiba  Jobin  Yvon)  with  a  xenon  lamp  as  the  source  of  excitation. 
TRPL  was  recorded  using  a  time-correlated  single  photon  counting  technique  with  an 
Edinburgh  Instruments  spectrometer  (model  No.  FLSP-920)  and  picosecond  laser  diode  as 
the  source  of  excitation. 

Cytotoxicity  and  cellular  imaging  methods 

The  cells  were  cultured  and  maintained  in  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM), 
high  glucose  IX  (Invitrogen),  containing  4.5  g  L_1  D-glucose,  4  mM  L-glutamine,  and  110 
mg  L~*  sodium  pyruvate,  with  10%  fetal  bovine  serum  (FBS),  100  IU  mL-1  penicillin,  and 
100  p.g  mL-1  streptomycin.  For  the  cytotoxicity  assay,  MDA-MB231  and  T47D  cells  (5  x 
1  (L  cells  per  well)  were  cultured  in  96-well  plates,  overnight.  Different  concentrations  of 
GO-F  (0-100  p.g  mL-1)  in  culture  media  were  added  to  each  well  in  triplicate.  After24  h  and 
48  h  of  culture  with  GO-F,  cells  were  washed  gently  with  200  p.L  warm,  sterile  phosphate- 
buffered  saline  (PBS),  and  then  200  p.L/well  of  MTT  reagent  [3-(4,5-dimethyl-2- 
thiazolyl)-2,5-diphenytetrazolium  bromide  (4  mg  mL-1)]  was  added.  After  4  h  of 
incubation,  MTT  reagent  was  removed  and  200  p.L  of  dimethyl  sulfoxide  (DMSO)  was 
added  per  well  and  incubated  for  an  additional  5  min  at  room  temperature.  The  optical 
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density  of  solubilized  formazan  salts  was  assessed  at  570  nm  in  a  Tecan  Infinite  M200 
microplate  reader  (Mannedorf,  Switzerland). 

For  imaging,  1  x  104  cells/well  were  plated  in  four-well  sterile  chamber  slides  (Nunc, 
Rochester,  NY)  with  500  p.L  culture  medium.  After  overnight  culture,  50  p.g  mL-1  GO-F 
suspension  was  added  to  the  culture  medium  and  incubated  under  regular  cell  culture 
conditions.  After  4  h  and  24  h  of  culture,  medium  with  GO-F  was  removed  from  the  cells 
and  washed  two  times  with  1  mL  IX  PBS.  Cells  were  fixed  using  1%  paraformaldehyde  and 
mounted  with  Vectashield  antifade  mounting  media  (Vector  Laboratories,  Burlingame,  CA). 
Cellular  imaging  was  carried  out  using  a  Nikon  Eclipse  90i  microscope  equipped  with  the 
Cool  SnaP  HQ2  CCD  camera  (Photometries,  Tucson,  AZ).  A  Nikon  Intensilight  C-HGFI 
lamp  was  used  as  the  fluorescence  light  source. 

Thermal  conductivity  measurements  on  GO-F 

The  effective  thermal  conductivities  of  nanofluids  were  measured  using  a  thermal  properties 
analyzer  (Decagon  Devices  Inc.,  Pullman,  WA,  model  KD2  Pro).  This  device  is  based  on 
the  transient  hot-wire  technique.  Here,  a  finite-length  wire  is  completely  immersed  in  a  finite 
volume  of  GO-F.  While  the  wire  is  heating  up,  the  change  in  resistance  (thus  its 
temperature)  is  measured  as  a  function  of  time  using  a  Wheatstone  bridge  circuit.  The 
thermal  conductivity  (TC)  value  is  determined  from  the  heating  power  and  the  slope  of  the 
temperature  change  with  logarithmic  time  scale.  The  instrument  uses  a  1.3  mm  diameter  by 
60  mm  long  stainless  steel  probe  that  is  immersed  in  the  nanofluids  to  obtain  the  thermal 
conductivity.  The  instrument  was  calibrated  using  glycerin  and  measurement  was  verified 
up  to  three  decimal  places. 

T2  MRI  measurements 

In  order  to  evaluate  GO-F  as  a  potential  MRI  T2  contrast  agent,  agarose  phantoms  were 
made  with  GO-F.  Their  T2  values  were  measured  on  a  7T  MR  scanner  with  a  MSME 
sequence  and  the  results  were  fitted  to  a  three -parameter  spin-spin  relaxation  equation  using 
Matlab. 

Supplementary  Material 

Refer  to  Web  version  on  PubMed  Central  for  supplementary  material. 

Acknowledgments 

T.N.N.  and  P.M.A.  gratefully  acknowledge  financial  support  from  Nanoholdings  LLC,  Rowayton,  CT.  B.K.G. 
thanks  the  Indo-US  Science  and  Technology  Forum  (IUSSTF)  for  financial  support.  S.V.T.,  B.X.,  and  P.M.A. 
acknowledge  support  from  R01CA12842  and  R01CA128428-02S1  from  the  National  Institutes  of  Health. 


References 

1.  Mahmoudi  M,  Serpooshan  V,  Laurent  S.  Nanoscale.  2011;  3:3007.  [PubMed:  21717012] 

2.  Narayanan  TN,  Reena  Mary  AP,  Swalih  PKA,  Sakthi  Kumar  D,  Makarov  D.  Albrecht  M, 
Puthumana  J,  Anas  A,  Anantharaman  MR.  J  Nanosci  Nanotechnol.  2011;  11:1958.  [PubMed: 
21449334] 

3.  Block  S,  Glockl  G,  Weitschies  W,  Helm  CA.  Nano  Lett.  2011;  1 1:3587.  [PubMed:  21819124] 

4.  McCarthy  JR,  Kelly  KA.  Sun  EY,  Weisslender  R.  Nanomedicine.  2007;  2:153.  [PubMed: 
17716118] 

5.  Richard  C,  Doan  B-T,  Beloeil  J-C,  Bessodes  M,  Toth  E,  Scherman  D.  Nano  Lett.  2007;  8:232. 
[PubMed:  18088153] 


Adv  Mater.  Author  manuscript;  available  in  PMC  2013  June  12. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Narayanan  et  al. 


Page 


6.  Zhao  Y,  Vivero-Escoto  JL,  Slowing  II,  Trewyn  BG,  Lin  VSY.  Expert  Opin  Drug  Deliv.  2010; 
7:1013.  [PubMed:  20716017] 

7.  Hoare  T,  Santamaria  J,  Goya  GF,  Irusta  S,  Lin  D,  Lau  S,  Padera  R,  Langer  R,  Kohane  DS.  Nano 
Lett.  2009;  9:3651.  [PubMed:  19736912] 

8.  Habib  AH,  Ondeck  CL,  Chaudhari  P,  Bokkstaller  MR,  McHenry  ME.  J  Appl  Phys.  2008; 
103:07A307. 

9.  Zhang  H,  Pan  D,  Zou  K,  He  J,  Duan  X.  J  Mater  Chem.  2009;  19:3069. 

10.  Zhu  M,  DiaoG.  Nanoscale.  2011;  3:2748.  [PubMed:  21611651] 

11.  Levi-Polyachenko  NH,  Merkel  EJ,  Jones  BT,  Carroll  DL,  Stewart  JH.  Mol  Pharmaceutics.  2009; 
6:1092. 

12.  Sun  X,  Liu  Z,  Welsher  K,  Robinson  JT,  Goodwin  A,  Zaric  S,  Dai  H.  Nano  Res.  2008;  1:203. 
[PubMed:  20216934] 

13.  Wang  K,  Ruan  J,  Song  H,  Zhang  J,  Wo  Y,  Guo  S,  Cui  D.  Nanoscale  Res  Lett.  2011;  6:2. 

14.  Gilchrist  RK,  Medal  R,  Shorey  WD,  Hanselman  RC,  Parrott  JC,  Taylor  CB.  Ann  Surgery.  1957; 
146:596. 

15.  Frullano  L,  Meade  TJ.  J  Biol  Inorg  Chem.  2007;  12:939.  [PubMed:  17659368] 

16.  Mulder  WJM,  Griffioen  AW,  Strijkers  GJ,  Cormode  DP,  Nicolay  K,  Fayad  ZA.  Nanomedicine. 
2007;  2:307.  [PubMed:  17716176] 

17.  Mulder  WJM,  Koole  R,  Brandwijk  RJ,  Storn  G,  Chin  PTK,  Strijkers  GJ,  de  Mello  Donega  C, 
Nicolay  K,  Griffioen  AW.  Nano  Lett.  2006;  6:1.  [PubMed:  16402777] 

18.  Gupta  BK,  Rathee  V,  Narayanan  TN,  Thanikaivelan  P,  Saha  A,  Govind  S,  Singh  P,  Shanker  V, 
Marti  AA,  Ajayan  PM.  Small.  2011;  7:1767.  [PubMed:  21591255] 

19.  Jin  Y,  Jia  C,  Huang  S-W,  O’Donnell  M,  Gao  X.  Nat  Commun.  2010;  1:41.  [PubMed:  20975706] 

20.  Mahmoudi  M,  Amiri  H,  Shokrgozar  MA,  Sasanpour  P,  Rashidian  B,  Laurent  S,  Casula  MF, 
Lascialfari  A.  Chem  Commun.  2011;  47:10404. 

21.  Mahmoudi  M,  Serpooshan  V.  ACS  Nano.  201210.1021/nn300042m 

22.  Kassaee  MZ,  Motamedi  E,  Majdi  M.  Chem  Eng  J.  2011;  170:540. 

23.  He  F,  Fan  J,  Ma  D,  Zhang  L,  Leung  C,  Chan  HL.  Carbon.  2010;  48:3139. 

24.  Shen  J,  Hu  Y,  Shi  M,  Li  N,  Ma  H,  Ye  M.  J  Phys  Chem  C.  2010;  1 14: 1498. 

25.  Amiri  H,  Mahmoudi  M,  Lascilfari  A.  Nanoscale.  2011;  3:1022.  [PubMed:  21152576] 

26.  Mahmoudi  M,  Simchi  A,  Imani  M,  Hafeli  UO.  J  Phys  Chem  C.  2009;  1 13:8124. 

27.  Renyun  Z,  Magnus  H,  Gang  L.  Hakan  O.  Carbon.  2011;  49:1126. 

28.  Reena  Mary  AP,  Narayanan  TN,  Sunny  V,  Sakthikumar  D,  Yoshida  Y,  Joy  P,  Anantharaman  MR. 
Nanoscale  Res  Lett.  2010;  5:1706.  [PubMed:  21076702] 

29.  Mahmoudi  M,  Serpooshan  V.  J  Phys  Chem  C.  2011;  115:18275. 

30.  Mahmoudi  M,  Lynch  I,  Ejtehadi  MR,  Monopoli  MP,  Baldelli  F,  Laurent  S.  Chem  Rev.  2011; 
111:5610.  [PubMed:  21688848] 

31.  Nel  AE,  Madler  L,  Velegol  D,  Xia  T,  Hoek  EMV,  Somasundaran  P,  Klaessig  F,  Castranova  V, 
Thompson  M.  Nat  Mater.  2009;  8:543.  [PubMed:  19525947] 

32.  Jin  M,  Jeong  H-K,  Yu  WJ,  Bae  DJ,  Kang  BR,  Lee  Y.  J  Phys  D:  Appl  Phys.  2009;  42:135109. 

33.  Li  GH,  Wu  YC,  Zhang  LD.  Chin  Phys.  2001;  10:148. 

34.  Zhou  ZH,  Xue  JM,  Chan  HSO,  Wang  J.  J  Appl  Phys.  2001;  90:4169. 

35.  Chen  W,  Zhang  J.  Scr  Mater.  2003;  49:321. 

36.  Thomas  S,  Sakthikumar  D,  Yoshida  Y,  Anantharaman  MR.  J  Nanoparticle  Res.  2008;  10:203. 

37.  Murakami  S,  Herren  M,  Rau  D,  Morita  M.  Inorg  Chim  Acta.  2000;  1014:300. 

38.  Fujii  T,  Kodaira  K.  Kawauchi  O,  Tanaka  N.  J  Phys  Chem  B.  1997;  101:10631. 

39.  Gao  W,  Majumdar  M,  Alemany  LB,  Narayanan  TN,  Ibarra  MA,  Pradhan  B,  Ajayan  PM.  ACS 
Appl  Mater  Interfaces.  2011;  3:1821.  [PubMed:  21568266] 


Adv  Mater  Author  manuscript;  available  in  PMC  2013  June  12. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Narayanan  et  al. 


Page  9 


Figure  1. 

a)  Schematic  of  the  hybrid  GO-F.  Fe3C>4  nanoparticles  are  covalently  attached  to  the 
graphene  plane  through  oxygen  functionalities,  b)  Transmission  electron  microscopy  (TEM) 
image  of  GO-F  showing  the  Fe304  nanoparticles  distributed  throughout  GO.  c)  Micro- 
Raman  spectrum.  Graphitic  order  and  disorder  (G  and  D)  Raman  modes  are  marked. 
Photograph:  GO-F  suspension  in  water,  d)  Room  temperature  magnetization  curve  of  GO-F 
powder.  The  S-like  M(H)  loop  shows  the  superparamagnetic  nature  of  the  GO-F  powder 
(paramagnetic  contribution  from  the  graphite  lattice  is  not  subtracted),  e)  X-ray  diffraction 
(XRD)  of  GO-F.  f)  FTIR  of  GO  (dark  line)  and  GO-F  (dots)  g)  Fe  2p  X-ray  photoelectron 
spectroscopy  (XPS)  spectrum  of  GO-F. 
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Figure  2. 

a)  UV-vis  absorption  spectra  of  Fe3C>4,  GO,  and  GO-F  fluids,  b)  Room  temperature  PL 
emission  spectrum  of  Fe304  nanoparticles  at  365  nm  excitation,  c)  PL  excitation  spectrum  at 
416  nm  emission  of  Fe304  nanoparticles,  d)  PL  emission  spectrum  of  GO-F  nanofluid  at 
365  nm  excitation,  e)  PL  excitation  spectrum  at  416  nm  emission  of  GO-F  nanofluid.  Note 
that  an  additional  interface  peak  appears  after  GO  forms  an  interface  with  Fe304-  f)  PL 
emission  spectrum  of  GO-F  nanofluid  at  324  nm  excitation,  g)  The  color  coordinate  of  the 
blue  emission,  h)  PL  emission  spectrum  of  GO  at  324  nm  excitation,  i)  TRPL  decay  profile 
of  GO-F  nanofluid  recorded  at  room  temperature  while  monitoring  the  emission  at  469  nm 
at  an  excitation  wavelength  of  371  nm.  j)  The  lifetime  data  and  the  parameter  generated  by 
the  exponential  fitting. 
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Figure  3. 

Cell  viability  assay  with  human  breast  cancer  cell  lines  MD  A-MB-23 1 .  Cells  were  treated 
with  different  concentrations  of  GO-F.  No  significant  cytotoxicity  was  observed  with 
various  doses  of  GO-F  treatment. 
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Figure  4. 

a)  In  vitro  fluorescence  microscopy  images  of  T47D  cells  treated  with  GO-F  (50  p.g  mL-1) 
for  24  h.  i-iii)  Low  magnification  images  of  T47D  cells:  i)  Phase  contrast  picture,  ii) 
fluorescence  images  of  GO-F,  and  iii)  overlay  of  images  (i)  and  (ii).  iv-vi)  High 
magnification  images  of  an  individual  T47D  cell:  iv)  phase  contrast  picture  of  an  individual 
T47D  cell,  v)  fluorescence  image  of  GO-F,  and  vi)  overlay  of  images  (iv)  and  (v).  The 
overlay  of  the  phase  contrast  and  fluorescence  images  clearly  demonstrates  the  localization 
of  GO-F  in  the  cellular  cytoplasm,  suggesting  its  suitability  for  bioimaging,  b)  T2-weighted 
MR  image  showing  strong  T2  contrast  in  agarose  phantoms.  It  shows  alginate  phantoms 
doped  with  different  concentrations  (as  shown)  of  GO-F.  The  T2-weighted  image  was 
acquired  in  a  7T  scanner  with  multi-slice  multi-echo  sequence.  The  T2  relaxivity  was  297.06 
mM'1  s_1. 
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Abstract 

Thermal  tumor  ablation  therapies  are  being  developed  with  a  variety  of  nanomaterials,  including 
single-and  multiwalled  carbon  nanotubes.  Carbon  nanotubes  (CNTs)  have  attracted  interest  due  to 
their  potential  for  simultaneous  imaging  and  therapy.  In  this  review,  we  highlight  in  vivo 
applications  of  carbon  nanotube-mediated  thermal  therapy  (CNMTT)  and  examine  the  rationale 
for  use  of  this  treatment  in  recurrent  tumors  or  those  resistant  to  conventional  cancer  therapies. 
Additionally,  we  discuss  strategies  to  localize  and  enhance  the  cancer  selectivity  of  this  treatment 
and  briefly  examine  issues  relating  the  toxicity  and  long  term  fate  of  CNTs. 


Keywords 

photothermal  therapy;  carbon  nanotubes;  single-walled  nanotubes;  multiwalled  nanotubes;  cancer 
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Introduction 

Carbon  nanotubes  (CNTs)  consist  of  one  or  more  seamless,  cylindrical  graphitic  sheets  of 
sp2  carbon  atoms  bonded  together  in  an  edgeless,  hexagonal  network  [1].  Their  combination 
of  electrical,  thermal  and  spectroscopic  properties  has  evoked  great  interest;  biomedical 
researchers  are  using  CNTs  to  develop  new  technologies  for  the  detection,  monitoring  and 
therapy  of  diseases  including  cancer  [2-6].  CNTs  can  be  internalized  easily  by  cells  [7-9] 
and  act  as  delivery  vehicles  for  drugs,  nucleic  acids,  and  imaging  agents  [7,  10-23].  Their 
unique  optical,  thermal  and  cancer  selective  properties  afford  the  possibility  to  engineer 
multiple  diagnostic  and  therapeutic  functions  into  a  single  particle  [2,  24].  This  makes  CNTs 
extremely  suitable  for  further  biomedical  development  [25]. 

Minimally  invasive,  rapidly  administered,  and  highly  selective  nanotechnology-based 
thermal  tumor  ablation  therapies  are  being  developed  with  a  variety  of  nanomaterials 
(reviewed  in  [26]).  These  include  single  walled  carbon  nanotubes  (SWCNTs)  [27], 
multiwalled  carbon  nanotubes  (MWCNTs)  [28],  graphene  [29],  iron  oxide  nanoparticles 
[30],  gold  nanorods  [31]  and  gold  nanoshells  [32,  33].  Heat-based  cancer  therapy  requires 
elevation  of  malignant  tissues  to  supraphysiologic  temperatures  [34-39].  Exposure  to  high 
temperature  for  a  sufficient  amount  of  time  causes  physical  damage  such  as  protein 
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denaturation  and  membrane  lysis  and  can  increase  oxidative  stress  [34,  35,  40,  41].  These 
effects  may  be  cytotoxic  on  their  own,  causing  coagulative  necrosis  or  apoptosis  [37,  39]. 
Additionally,  hyperthermic  treatments  that  increase  temperatures  more  modestly  may 
enhance  the  anti-cancer  efficacy  of  ionizing  radiation  or  systemic  chemotherapy  regimens 
[40,42,43]. 

Dose  limiting  toxicities  resulting  from  diffuse  heating  of  non-tumor  tissues  and  the  relative 
invasiveness  of  thermal  ablative  instrumentation  have  limited  wider  clinical  use  of  thermal 
ablation  for  cancer  therapy  [44],  However,  with  recent  refinements  in  technology,  the  role  of 
such  therapies  should  increase  in  the  near  future  [26,  45,  46],  and  nanotechnology  is  playing 
a  key  role  in  these  advances.  Human  clinical  trials  are  ongoing  for  a  gold  nanoshell  based 
photothermal  cancer  therapy  (Id:  NCT00848042  on  ClinicalTrials.gov)  and  for  iron  oxide 
nanoparticle-based  magnetic  thermotherapy  [47,  48].  Although  the  results  of  these  studies 
are  promising,  there  remains  significant  room  to  improve  upon  both  the  generation  and 
localization  of  heat  for  thermal  therapy. 

In  this  arena,  CNTs  have  emerged  as  promising,  next  generation  agents  for  thermotherapy  of 
cancer.  Currently,  significant  efforts  are  being  applied  to  develop  CNT-based,  clinical 
treatments.  In  this  review,  we  will  specifically  high-light  in  vivo  applications  of  CNT- 
mediated  thermal  therapy  (CNMTT)  and  examine  the  rationale  for  use  of  this  treatment  in 
recurrent  tumors  or  those  resistant  to  conventional  cancer  therapies.  Additionally,  we  will 
identify  strategies  to  localize  and  enhance  the  cancer  selectivity  of  this  treatment,  and  briefly 
examine  issues  relating  the  toxicity  and  long  term  fate  of  CNTs. 

1.  CNT-mediated  thermal  therapy:  rationale  and  current  status 

Carbon  nanotubes  offer  an  exceptional  combination  of  attributes  for  the  development  of  the 
next  generation  of  photothermal  agents;  chief  among  these  is  their  ability  to  efficiently 
convert  near  infrared  radiation  (NIR)  into  heat  [49] .  Compared  to  other  wavelengths  of  light, 
the  transmission  of  NIR  through  the  body  is  poorly  attenuated  by  biological  systems  [50, 

51].  Penetration  of  light  through  tissue  is  fundamental  to  photothermal  applications  of 
nanomaterials  for  the  treatment  of  non-superficial  cancerous  lesions  in  vivo  [28].  Following 
exposure  to  NIR,  CNTs  enter  an  excited  state  and  release  vibrational  energy  that  is 
transformed  into  heat,  which  can  induce  cell  death  [27,  52]. 

CNTs  possess  an  extremely  broad  electromagnetic  absorbance  spectrum,  covering  the  full 
spectras  of  both  the  NIR  I  and  II  windows  [53],  which  correspond  to  the  “optical 
transmission  window”  of  biological  tissues  [50,  51],  and  the  radio  frequency  and  microwave 
bands  as  well  [54],  Further  tuning  of  the  photophysical  properties  of  CNTs  can  be  achieved 
by  tailoring  the  wall  number,  diameter,  and  length  of  the  nanotubes  according  to  the  “nano- 
attenna”  effect  [52].  Critically,  NIR  absorption  and  energy  transduction  efficiency  remains 
high  across  a  wide  frequency  range  [53],  which  allows  for  flexibility  in  the  choice  of  both 
material  characteristics  (diameters  from  <2  nm  -  >30  nm;  lengths  from  <100  nm  to  >  1  um) 
and  excitation  wavelengths.  This  provides  great  versatility  to  tailor  size,  shape,  and  surface 
properties  to  optimize  the  tissue  distribution  of  CNTs  without  a  significant  loss  in  thermal 
conversion  efficiency.  The  broad  electromagnetic  absorbance  spectrum  of  CNTs  also  offers 
a  significant  advantage  over  plasmonically  heated  nanomaterials  (such  as  gold  nanoshells 
and  nanorods)  for  which  the  excitation  spectra  are  highly  dependent  upon  the  size  and  shape 
of  the  particles  [2].  While  direct  comparisons  are  difficult  to  make,  some  estimates  indicate 
that  CNTs  can  achieve  thermal  destruction  of  tumors  at  10-fold-lower  doses  and  3-fold- 
lower  power  than  is  needed  for  gold  nanorods  [53].  However,  in  contrast  to  gold 
nanoparticles,  which  can  be  synthesized  with  great  uniformity  and  have  already  been  tested 
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in  human  clinical  trials,  production  of  uniform,  well-characterized  CNTs  remains  a 
significant  hurdle  for  clinical  translation. 

CNTs  exhibit  both  advantages  and  limitations  in  thermal  therapy  when  compared  to  iron 
oxide  nanoparticles.  The  magnetic  field  used  to  excite  iron  oxide  nanoparticles  as  a  means  of 
generating  heat  offers  superior  depth  of  energy  penetration  as  compared  to  NIR,  but  the 
slower  rate  of  heating  induced  by  this  technique  leads  to  significant  thermal  diffusion  away 
from  the  targeted  area  (discussed  in  section  2.3),  potentially  increasing  collateral  damage  to 
neighboring  healthy  tissue  [55].  A  second  drawback  of  this  technique  is  that  it  also  requires 
the  removal  of  all  metallic  materials  within  the  magnetic  field  covering  the  treatment  area 
including  dental  fillings,  crowns  and  implants.  On  the  other  hand,  iron  oxide  nanoparticles, 
like  gold  nanoparticles,  share  a  significant  advantage  over  CNTs  because  uniform 
preparations  of  iron-based  nanoparticles  can  be  synthesized  and  have  already  been  tested  in 
human  clinical  trials. 

In  most  cases,  the  clinical  model  for  the  use  of  CNTs  as  heat  transduction  agents  is  based 
upon  laser-induced  thermotherapy  (LITT)  [33,  39],  a  photothermal  ablation  technique  in 
which  an  NIR  laser  is  used  to  heat  a  target  tissue,  such  as  a  tumor,  above  the  thermal 
ablation  temperature  threshold  of  approximately  55°C  [33,  56].  A  major  limitation  of  LITT 
has  been  an  inability  to  consistently  achieve  thermoablative  temperatures  throughout  the 
target  lesion  and  to  confine  treatment  exclusively  to  the  tumor  [57,  58].  Therefore,  to  be  of 
clinical  benefit,  CNTs  must  greatly  improve  the  deposition  of  heat  following  NIR  exposure 
without  causing  any  significant  toxicity  on  their  own. 

1.1.  In  vivo  anticancer  efficacy  of  CNT-mediated  thermal  therapy 

The  efficacy  of  CNMTT  for  the  treatment  of  locoregional  tumors  in  vivo  has  been 
demonstrated  using  syngeneic  models  of  cancer  in  mice  [53,  59],  rabbits  [54],  and  in  human 
xenografts  grown  in  mice  (reviewed  in  [49].  In  most  cases,  CNTs  are  injected  systemically 
or  directly  into  the  tumor,  which  is  then  exposed  to  an  external  NIR  (typically  a  YAG  or 
diode  laser)  or  microwave  source.  As  highlighted  in  table  1,  CNMTT  has  proven  effective 
for  the  treatment  of  a  wide  variety  of  cancer  types  both  in  vitro  and  in  vivo.  In  this  review, 
we  will  focus  our  discussion  upon  recent  developments  in  CNMTT  treatment  of  human 
cancer  xenografts  in  animal  models. 

Initial  in  vivo  studies  of  CNMTT  focused  on  the  use  of  SWCNTs,  and  the  results  were 
mixed.  Moon  et  al  demonstrated  that  following  intratumoral  injection  of  SWCNTs  into  mice 
bearing  flank  xenografts  of  human  mouth  carcinoma  cells  and  NIR  irradiation  (3  W/cm2;  3 
min),  the  tumors  were  completely  destroyed  [60].  Normal  tissue  adjacent  to  the  treated  area 
was  spared;  however,  the  irradiation  procedure  itself  resulted  in  significant  burning  of  the 
heated  area  even  in  the  absence  of  SWCNTs.  Significantly,  no  indication  of  tumor 
recurrence  or  apparent  side  effects  of  treatment  were  observed  during  several  months  of 
follow-up  [60].  Huang  et  al  achieved  more  modest  results  following  a  similar  treatment  [59]. 
Using  mice  bearing  syngeneic  murine  squamous  cell  tumors,  the  researchers  intratumorally 
injected  SWCNTs  and  irradiated  the  tumor  with  a  low  power  (200  mW/cm2)  NIR  laser  for 
10  minutes.  They  observed  that  treatment  resulted  in  a  maximum  tumor  temperature  of 
approximately  55°C,  indicating  that  the  thermal  ablation  threshold  was  reached.  However, 
while  a  reduction  in  tumor  growth  and  a  modest  survival  advantage  were  documented,  this 
treatment  failed  to  achieve  a  durable  cancer  remission.  In  contrast  to  Moon  et  al  [60], 
necrotic  normal  tissue  was  present  adjacent  to  the  treatment  site,  indicating  significant  heat 
transfer  away  from  the  targeted  site  and  into  the  surrounding  non-tumor  region.  As 
discussed  in  more  detail  in  section  2.3,  recent  work  by  Xie  et  al  [61]  modeling  the  effects  of 
energy  deposition  rate  on  the  efficacy  of  CNMTT  suggest  that  the  slower  rate  of  energy 
deposition  used  by  Huang  et  al  [59]  as  compared  to  Moon  et  al  [60]  may  have  resulted  in 
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greater  heat  diffusion  leading  to  lesser  treatment  efficacy  and  more  collateral  damage  to 
surrounding  tissue. 

Following  synthesis,  SWCNTs  are  a  mixture  of  metallic  and  semiconducting  SWCNTs. 
Differences  in  the  density  of  state  at  the  Fermi  level  of  metallic  SWCNTs  (which  have  a 
finite  value  *  0)  and  semiconducting  SWCNTs  (which  have  a  value  of  zero)  imply  that 
metallic  SWNTs  more  efficiently  absorb  and  convert  NIR  into  heat,  and  this  was  recently 
confirmed  by  Murakami  et  al  [62].  Consistent  with  the  concept  that  CNTs  with  a  more 
metallic  nature  possess  enhanced  NIR  thermal  conversion  efficiency,  both  Burke  et  al  [28] 
and  Ghosh  et  al  [63]  reported  that  MWCNTs,  which  are  inherently  more  metallic  than 
unpurified  SWCNTs,  were  20-100  fold  more  efficient  than  bulk  SWCNTs  at  conversion  of 
NIR  into  heat.  As  shown  in  figure  1,  in  vivo  studies  demonstrated  durable  remission  and 
long-term  survival  (>  6  months  post-treatment)  after  intratumoral  injection  of  MWCNTs 
into  tumors  implanted  in  the  flanks  of  nude  mice  combined  with  exposure  to  NIR  (3  W/cm2; 
30  sec)  [28].  Significantly,  this  result  was  achieved  using  one-sixth  of  the  energy  Moon  et  al 
[60]required  to  achieve  a  similar  result  using  SWCNTs.  Because  of  this,  laser  treatment  in 
the  absence  of  MWCNTs  resulted  in  only  minimal  superficial  burning  [28].  In  the  same 
study,  electron  microscopy  studies  revealed  that  at  least  a  portion  of  MWCNTs  remained 
intact  at  the  injection  site,  but  no  toxicity  was  detected  [28].  Ghosh  et  al  observed  similar 
results  for  in  vivo  treatment  of  tumors  using  MWCNTs  and  NIR  [63].  Moreover,  they 
confirmed  the  importance  of  CNT  dispersion  on  the  efficacy  of  such  therapy.  By  self- 
assembly,  they  encased  MWCNTs  in  DNA,  which  disentangled  the  tubes.  Compared  to 
dispersions  of  MWCNTs  prepared  in  the  absence  of  DNA,  well  dispersed  DNA  encased 
MWCNTs  were  more  efficient  at  converting  NIR  into  heat,  which  led  to  more  effective 
tumor  treatment  in  mice  [63]. 

As  previously  noted,  CNTs  can  be  heated  by  externally  delivered  microwave  radiation. 
Therefore,  CNTs  may  be  capable  of  non-invasively  treating  tumors  in  any  part  of  the  body,  a 
capability  currently  not  shared  by  NIR  laser-based  treatments.  In  the  first  study  to 
investigate  cancer  treatment  using  an  external  (non-contacting)  microwave  source  to  heat 
intratumoral  SWCNTs,  treatment  of  VX2  hepatocellular  carcinoma  xenografts  in  rabbits 
resulted  in  complete  thermal  necrosis  of  the  tumor.  No  toxicity  was  seen  but  there  was  a  2-5 
mm  zone  of  thermal  injury  to  the  surrounding  liver  [54].  To  date,  studies  on  microwave  or 
radiofrequency  heating  of  CNTs  for  cancer  therapy  are  extremely  limited  and  more  research 
will  be  needed  to  determine  if  this  promising  strategy  is  clinically  viable. 

1 .2  Selective  delivery  of  CNTs  to  tumors  for  CNT-mediated  thermal  therapy 

Fueled  by  the  promise  demonstrated  by  these  early  studies,  researchers  are  now  evaluating 
strategies  to  selectively  deliver  CNTs  to  tumor  sites  following  systemic  administration.  One 
such  strategy,  known  as  the  enhanced  permeation  and  retention  effect  (EPR),  proposes  that 
increases  in  tumor  accumulation  can  be  achieved  by  nanoparticles  that  remain  in  circulation 
for  long  periods  due  to  the  nanoparticles'  ability  to  extravasate  through  the  leaky  vasculature 
surrounding  the  tumor  and  enter  the  tumor  site  [64].  Like  many  nanoparticles,  the  blood 
circulation  half-life  and  tumor  accumulation  of  CNTs  can  be  increased  in  mice  by  coating 
nanoparticles  with  steric  stabilizers  such  as  polyethylene  glycol  (PEG),  which  inhibit 
nanoparticle  blood  clearance  by  macrophages  and  other  components  of  the  mononuclear 
phagocyte  system  [10,  65-68]. 

Recently,  a  significant  step  toward  the  development  of  tumor  selective,  systemically 
delivered  CNTs  for  photothermal  ablation  was  achieved  by  Robinson  et  al  [53].  The 
researchers  coated,  short  (140  nm)  SWCNTs  with  a  PEG-funtionalized  phospholipid  by  self- 
assembly  and  then  injected  the  CNTs  into  mice  bearing  4T1  murine  breast  tumors  at  a  dose 
of  3.6  mg/kg  via  the  tail  vein.  Three  days  later,  the  inherent  NIR  photoluminescence  of  the 
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SWCNTs  was  quantified  using  an  optical  imaging  system  to  confirm  the  accumulation  of 
SWCNTs  at  the  tumor  site.  Following  exposure  to  NIR  (0.6  W/cm2;  5  min),  complete  tumor 
ablation  was  observed  on  mice  previously  administered  SWCNTs.  These  mice  survived 
without  recurrence  for  the  duration  of  the  six  month  study  and  no  toxicity  was  seen  [53]. 

In  another  study,  Liu  et  al  systematically  evaluated  the  relationship  between  the  length  and 
density  of  PEGylation  on  the  SWCNT  surface  and  the  biodistribution,  tumor  accumulation 
and  photothermal  ablation  efficacy  of  PEG-functionalized  SWCNTs  injected  intravenously 
into  mice  [69].  They  observed  long  blood  circulation  half-lives  (16-21  hrs)  for  heavily 
PEGylated  SWCNTs  and  high  tumor  uptake.  However,  this  came  at  the  cost  of  extensive 
accumulation  of  SWCNTs  in  the  mouse  skin  dermis.  They  found  that  by  controlling  the 
degree  of  PEGylation  to  achieve  a  blood  circulation  half-life  of  12-13  hrs,  they  were  able  to 
balance  high  tumor  uptake  of  the  SWCNTs  with  low  skin  retention.  Two  days  after 
intravenous  injection  of  the  SWCNTs  into  tumor  bearing  mice,  the  researchers  exposed  the 
tumors  to  NIR,  achieving  a  surface  temperature  of  over  50°C.  In  contrast,  the  temperature 
rise  in  tumors  treated  with  NIR  in  the  absence  of  SWCNT  injection  was  only  1-2°C. 
Significant  reduction  in  tumor  growth  was  observed  in  the  SWCNTs  and  NIR  treated  mice, 
and  three  of  the  seven  mice  treated  exhibited  complete  regression  for  the  two  week  study 
[69].  This  study  suggests  that  fine  tuning  the  surface  properties  of  CNTs  is  critical  to 
enhancing  their  passive  tumor  targeting  capabilities. 

Notably,  the  intravenously  injected  nanotubes  used  by  Robinson  [53]  or  Liu  [69]  were  not 
modified  to  display  a  specific  targeting  ligand,  nor  is  it  known  if  they  were  they  internalized 
by  the  cancer  cells  themselves.  Attachment  of  ligands  with  an  enhanced  binding  affinity  for 
cancer  specific  biological  moieties  is  one  strategy  which  may  allow  for  more  selective 
therapy.  This  can  be  accomplished  by  conjugation  of  peptides,  proteins  or  antibodies  to  the 
surface  of  CNTs,  and  has  been  shown  to  increase  the  specificity  of  CNT  tumor  targeting 
following  intravenous  injection  in  mice  [27,  68,  70,  71].  Targeting  CNTs  to  cancer  cells  in 
vitro  using  agents  including  folic  acid  [72-74],  the  breast  cancer  associated  receptor  Her2 
[75,  76],  and  anti-GD2,  a  monoclonal  antibody  targeting  a  carbohydrate  antigen 
overexpressed  in  neuroblastomas  [77]  has  been  shown  to  increase  the  specificity  and 
efficacy  of  CNMTT  as  compared  to  non-targeted  tubes.  Additionally,  CNTs  can  effectively 
display  more  than  one  targeting  ligand  on  their  surface  which  is  a  strategy  that  can  be  used 
to  expand  both  the  tropism  and  specificity  of  cancer-targeted  CNTs.  For  example,  SWCNTs 
conjugated  to  antibodies  targeting  Her2  and  insulin-like  growth  factor  1  receptor  (IGF1R) 
attached  to  SWCNTs  [78]  were  shown  to  be  effective  at  targeting  CNMTT  to  cells 
expressing  one  or  both  of  the  targeted  receptors. 

The  benefits  of  actively  targeting  nanoparticles  to  tumors  in  vivo  remain  the  subject  of  much 
debate  [79],  and  more  research  is  needed  to  determine  if  active  targeting  will  offer  an 
additional  benefit  for  delivery  of  CNTs.  The  underlying  mechanisms  by  which  CNTs  are 
taken  up  by  cells  are  still  under  investigation  with  both  energy-dependent  internalization 
mechanisms  (e.g.  phagocytosis;  clatherin  or  caveolae  mediated  endocytosis)  and  passive 
diffusion  through  the  plasma  membrane  (e.g.  “nanoneedle”  effects)  apparently  playing  a  role 
[9].  As  noted  above,  comparative  studies  between  actively  targeted  and  non-targeted  CNTs 
generally  indicate  that  targeted  CNTs  are  taken  up  to  a  greater  degree  than  untargeted  tubes. 
Give  the  many  non-specific  mechanisms  through  which  CNTs  can  bind  to  and  enter  cells, 
precisely  how  targeting  increases  the  binding  and/or  uptake  of  actively  targeted  CNTs 
remains  to  be  determined.  It  is  conceivable  that  the  PEG  coating  commonly  used  to 
functionalize  the  CNT  surface  may  reduce  the  interaction  of  coated  CNTs  with  cells; 
introduction  of  a  binding  moiety  to  the  PEGylated  CNT  would  then  greatly  increase  the 
targeting  specificity.  To  date,  direct  comparisons  of  the  binding  and  uptake  of  PEGylated 
and  uncoated  CNTs  have  not  been  conducted.  Comparative  studies  of  nanoparticle  binding 
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kinetics  are  complicated  because  the  physical  properties  that  influence  cellular  interactions 
of  nanoparticles  also  affect  their  solution  dynamics  [80].  Nanoparticles  diffuse,  settle  and 
agglomerate  in  cell  culture  media  as  a  function  of  systemic  and  particle  properties  (e.g. 
media  density  and  viscosity,  particle  size,  shape  and  density).  Therefore  the  delivered  dose 
of  nanoparticles  in  cell  culture  is  a  function  not  only  of  cell  binding  and  uptake  pathways, 
but  of  the  rate  of  transport  in  solution  as  well.  To  date,  most  studies  using  targeted  CNTs  fail 
to  account  for  changes  in  solution  dynamics  induced  by  structural  alterations  in  the  CNTs 
caused  by  the  addition  of  targeting  ligands,  and  further  research  will  be  needed  to 
thoroughly  understand  how  such  alterations  influence  binding  specificity.  Nevertheless, 
there  is  strong  evidence  that  internalization  of  CNTs  prior  to  exposure  to  NIR  can  improve 
the  treatment  efficacy  of  CNMTT  [75].  For  example,  Zhou  et  al  demonstrated  SWCNTs 
coated  with  a  phospholipid-PEG  conjugate  selectively  accumulate  intracellularly  at  the 
mitochondrial  membrane  [81].  Their  proximity  to  mitochodria  allowed  for  selective 
destruction  of  these  organelles  following  NIR  exposure,  inducing  mitochondrial 
depolarization,  cytochrome  c  release,  and  caspase  3  activation.  Treatment  of  murine  breast 
cancer  tumors  in  vivo  with  these  modified  SWCNTs  reduced  tumor  growth  and  induced 
complete  tumor  regression  in  some  mice  [82]. 

1.3  Efficacy  of  CNMTT  for  treatment  of  resistant  or  recurrent  cancers 

Thermal  ablation  therapies  based  upon  CNTs  are  being  tested  for  the  treatment  of  cancers 
that  are  highly  resistant  to  current  therapies,  including  stem-cell  like  cancer  sub-populations 
[83,  84].  In  many  types  of  tumors,  cancer  stem  cells  (CSCs)  have  been  putatively  identified 
as  self-renewing,  therapy-resistant  populations  [85]. 

In  glioblastomas  and  other  brain  tumors,  the  CD  133  receptor  appears  to  be  a  CSC  marker 
associated  with  malignancy,  tumor  recurrence,  and  poor  survival.  [86-88].  CD133+ 
subpopulations  in  glioblastoma  are  enriched  following  radiotherapy,  are  radio  and 
chemotherapy  resistant,  and  may  be  responsible  for  tumor  recurrence  following  treatment 
[86,  89,  90].  Treatment  strategies  based  on  targeting  this  subpopulation  may  prevent  the 
development  of  resistance  to  therapy.  To  test  this  hypothesis,  Wang  et  al  conjugated  a 
monoclonal  antibody  directed  against  CD133  to  MWCNTs  [83].  They  observed  specific 
internalization  of  these  targeted  MWCNTs  in  primary  clinical  isolates  of  glioblastoma  that 
expressed  CD  133,  but  not  in  cells  which  did  not.  To  determine  the  in  vivo  efficacy  of  this 
treatment,  CD133  expressing  glioblastoma  cells  were  pre-treated  with  targeted  MWCNTs 
before  inoculation  into  mice.  The  cells  took  up  the  MWCNTs,  and  xenograft  growth  was 
abolished  after  NIR  exposure.  This  key  study  demonstrated  the  potential  for  CNTs  to  treat 
glioblastomas  and  other  currently  untreatable  cancers. 

Another  recent  report  describes  a  novel  application  of  the  CNMTT  technique  to  target 
invasive  CSCs  in  systemic  blood  circulation  [91].  In  this  study,  Galanzha,  et  al.  used  the 
photoacoustic  (PA)  and  photothermal  (PT)  properties  of  CNTs  for  the  detection  and 
elimination  of  circulating  CSCs,  which  are  thought  to  be  the  primary  drivers  of  metastatic 
tumor  spread  [91].  The  development  of  technology  to  purge  these  cells  from  the  vasculature 
of  cancer  patients  could  reduce  the  incidence  of  metastatic  disease.  To  accomplish  this,  the 
researchers  constructed  NIR-absorbing,  gold  plated  SWCNTs  and  conjugated  them  to  anti¬ 
human  CD44  antibodies.  These  particles  selectively  labeled  circulating  human  breast  CSCs 
(which  overexpress  CD44  [92])  in  the  blood  stream.  Rare  CD44+  circulating  cancer  stem 
cells  binding  nanoparticles  were  identified  in  the  vasculature  of  nude  mice  which  bore 
human  breast  cancer  xenografts  by  detection  of  photoacoustic  waves  generated  by  excitation 
of  the  nanoparticle-labeled  cancer  cells  using  a  low  powered  laser  [91].  Furthermore,  these 
cells  could  be  ablated  following  more  extended  irradiance  with  NIR  [91]. 
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Importantly,  CNTs  may  be  superior  to  other  heat  delivery  modalities  in  ablating  cancer  stem 
cells.  Burke  and  co-authors  compared  the  response  of  breast  cancer  stem  cells  (BCSCs)  to 
both  conventional  hyperthermia  and  CNMTT  to  determine  the  relative  therapeutic  efficacy 
of  each  approach  for  the  treatment  of  these  cancer  cells  [84].  Key  results  of  this  study  are 
shown  in  figure  2.  Notably,  BCSCs  exhibited  high  basal  expression  levels  of  heat  shock 
protein  90  (HSP  90)  which  contributed  to  their  ability  to  tolerate  conventional  hyperthermia 
treatments  (modeled  by  water  bath  heating)  that  were  lethal  to  non-stem  breast  cancer  cells 
[84].  BCSCs  were  found  to  be  resistant  to  hyperthermia  across  a  range  of  temperatures,  and 
heat  treatments  did  not  reduce  the  long-term  proliferative  capacity  of  these  cells.  A 
significant  enrichment  of  BCSCs  was  detected  in  the  surviving  fraction  of  a  mixed 
population  of  stem  and  non-stem  breast  cancer  cells  treated  with  conventional  hyperthermia. 
In  contrast,  the  researchers  were  able  to  overcome  the  resistance  to  hyperthermia  observed 
in  BCSCs  through  the  use  of  CNMTT.  Furthermore,  BCSCs  that  survived  CNMTT  did  not 
retain  long-term  proliferative  capabilities.  The  researchers  generated  precise  temperature 
increases  in  mixed  or  isolated  populations  of  BCSCs  and  non-stem  breast  cancer  cells  by 
exposing  the  cells  to  MWCNTs  followed  by  NIR  irradiation,  which  resulted  in  cell  death 
that  was  proportional  to  laser  exposure  time.  In  vivo  treatment  by  CNMTT  induced 
complete  regression  of  BCSC-driven  tumors  in  mice  for  the  duration  of  the  30  day  study.  In 
contrast,  control  groups  exhibited  >80%  mortality  at  identical  time  points.  Based  on  these 
findings,  CNMTT  may  represent  a  rapid,  minimally  invasive  approach  for  the  simultaneous 
elimination  of  both  the  bulk  breast  tumor  and  the  BCSC  components  of  tumors  and 
represents  a  significant  therapeutic  advance  for  the  treatment  of  refractory,  stem  cell-driven 
cancers  [84]. 

Flow  cytometric  characterization  of  the  cells  following  treatment  indicated  that  CNMTT, 
but  not  conventional  hyperthermia,  led  to  rapid  membrane  permeabilization  and  necrotic 
death  in  treated  cancer  cells  [84].  The  high  surface  temperature  of  NIR-stimulated 
MWCNTs  [93]  may  irreversibly  permeabilize  cell  membranes  [94,  95],  leading  to  the  rapid 
cytolysis  observed  in  CNMTT-treated  cells.  Therapies  that  preferentially  cause  necrotic 
death  may  be  therapeutically  advantageous  by  bypassing  resistance  mechanisms  to  apoptotic 
cell  death  because  they  do  not  provide  selective  pressure  toward  the  emergence  of  treatment 
resistant  cancer  cell  clones  [96,  97].  The  significance  of  this  for  CNMTT  is  exemplified  by 
the  fact  that  elevated  HSP90  in  BCSCs  conferred  at  least  partial  protection  to  classical 
hyperthermic  cell  death,  but  did  not  protect  BCSCs  from  nanotube-mediated  hyperthermic 
death  [84].  Fisher  et  al  also  indicated  that  CNMTT  leads  to  a  necrotic  rather  than  apoptotic 
cell  death  mechanism  [98].  Nevertheless,  necrosis  has  not  been  universally  observed 
following  treatment  with  NIR  and  MWCNTs  [99],  and  to  date,  extensive  research  has  not 
been  conducted  to  determine  factors  that  may  influence  the  mechanism(s)  of  cell  death 
induced  by  CNMTT. 

1.4.  Enhancement  of  conventional  cancer  therapy  by  CNMTT 

Hyperthermia  synergistically  enhances  tumor  cell  cytotoxicity  when  combined  with 
chemotherapy  or  radiotherapy,  in  part  by  increasing  the  permeability  of  tumor  vasculature, 
which  can  enhance  the  delivery  of  drugs  into  tumors  [41].  Thus,  in  addition  to  ablation  of 
cancer  cells,  the  thermal  effects  generated  by  CNMTT  may  enhance  the  efficacy  of  other 
therapies.  Such  strategies  may  enable  the  development  of  therapeutic  agents  with  increased 
cancer  selectivity,  reduce  the  dose  necessary  for  efficacy,  decrease  the  toxicity  of  such 
treatments,  and  thus  increase  their  therapeutic  index. 

For  example,  NIR  irradiation  of  MWCNTs  to  sublethally  heat  cancer  cells  increased  the 
uptake  of  co-delivered  chemotherapeutic  drugs  and  enhanced  cancer  cell  death  both  in  vitro 
and  in  vivo  in  a  murine  ascites  tumor  model  [100].  Excitation  of  CNTs  by  exposure  to  an 
appropriately  tuned  radio  frequency  field  has  been  shown  to  permeabilize  cell  membranes  to 
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allow  cell  uptake  of  normally  impermeable  drugs  or  gene  expression  vectors  both  in  in  vitro 
and  in  vivo  in  brain  tissue  [101].  Similarly,  treatment  of  cancer  cells  or  tumor  bearing  mice 
using  SWNTs  chemically  conjugated  with  platinum-based  chemotherapeutics  [102]  or 
loaded  with  doxorubicin  by  hydrophobic  interactions  [103]  and  combined  with  NIR 
mediated  photothermal  heating  were  significantly  more  effective  than  either  therapy  alone. 
Dual  mode  carbon  nanomaterials  have  been  developed  to  allow  excitation  by  a  single 
wavelength  of  light  to  initiate  both  photothermal  and  photodynamic  events,  allowing  for 
simultaneous  generation  of  therapeutic  heat  and  reactive  oxygen  species  [62,  104]. 

Conjugation  of  antigens  to  the  surface  of  CNTs  may  enhance  immune  responses  by 
increasing  the  uptake  of  such  antigens  by  dendritic  cells  and  macrophages  [105].  Recently, 
the  combination  of  an  immunologic  ally  modified  nanotube  and  CNMTT  was  shown  to 
generate  a  sustained  anti-tumor  immune  response  in  mice  following  treatment  [106]. 
Glycated  chitosan  (GC),  an  immunoadjuvant,  was  used  as  a  surfactant  to  disperse  SWCNTs. 
BALB/c  mice  bearing  syngeneic  EMT6  flank  tumors  were  injected  intratumorally  with  GC 
coated  SWCNTs  (SWCNT-GC)  then  exposed  to  a  980  nm  laser  (0.75  W/cm2  for  10  min). 
All  mice  treated  with  the  combination  of  laser  and  SWNT-GC  survived  for  at  least  100  days 
following  treatment.  In  contrast,  only  43.75%  of  mice  treated  with  laser  and  SWNTs  without 
GC,  25%  of  mice  treated  with  laser  and  GC  without  SWCNTs,  and  12.5%  of  mice  in  the 
laser  only  group  survived.  Importantly,  mice  that  were  successfully  treated  by  the 
combination  of  laser  irradiation  and  SWNT-GC  did  not  develop  tumors  following 
rechallenge  with  EMT6  cells  100  days  after  the  initial  tumor  inoculation.  This  study  shows 
the  combination  of  laser  irradiation  and  immunologic  ally  modified  nanotubes  can  induce 
systemic  antitumor  response  through  a  local  intervention,  with  few  adverse  side  effects 
[106], 

1.5.  Beyond  cancer  therapy:  novel  applications  of  photothermal  properties  of  CNTs 

Although  most  studies  have  focused  on  anti-tumor  applications  of  CNMTT,  additional 
applications  have  also  been  proposed.  Kosuge  et  al.  recently  investigated  the  use  of  SWNT- 
mediated  photothermal  ablation  of  inflammatory  macrophages  in  a  mouse  model  of 
athlerosclerosis  [107].  Following  the  creation  of  macrophage-rich  atherosclerotic  lesions  in 
the  carotid  arteries,  mice  were  injected  with  fluorescently  tagged  SWNTs,  which 
accumulated  in  the  macrophages.  Excision  of  the  arteries  and  ex- vivo  illumination  with  NIR 
induced  heating  and  apoptosis  selectively  in  SWNT-containing  macrophages,  providing  a 
proof  of  principle  demonstration  that  the  photothermal  properties  of  CNTs  may  be  useful  in 
treatment  of  vascular  inflammation.  Another  group  used  laser  excitation  of  carbon 
nanohorns  to  induce  expression  of  genes  driven  by  a  heat  shock  protein-  responsive 
promoter  in  living  mice  [108].  The  use  of  NIR-activated  SWNTS  for  ‘remote  control’  of 
gene  expression  in  living  animals  may  represent  both  a  powerful  experimental  tool  and  a 
new  therapeutic  venue.  Similarly,  a  recent  report  indicates  that  CNTs  also  may  be  useful  for 
the  development  of  implantable  bioelectronic  devices  operated  by  laser  irradiation  from 
outside  the  body  [109].  In  this  study,  a  unique  CNT-based  photothermal-electrical  (PTE) 
converter  is  described.  This  device  is  able  to  convert  the  thermal  energy  generated  by  NIR 
irradiated  with  NIR  light  and  convert  it  to  electrical  power.  Devices  powered  by  this  system 
could  be  implanted  beneath  the  skin  and  activated  by  laser  irradiation,  providing  a  new 
opportunity  for  biomechanical  development  or  possibly  for  a  remotely  activated  drug 
delivery  system. 

2.  Clinical  translation  of  CNMTT:  accomplishments  and  challenges 

As  described  above,  proof  of  principle  studies  in  animals  have  established  that  CNMTT  can 
address  several  limitations  of  contemporary  clinical  thermal  ablation  methodologies:  (1)  the 
procedure  is  minimally-invasive,  potentially  expanding  the  type  and  location  of  tumors  that 
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can  be  treated;  (2)  because  each  nanoparticle  generates  heat  in  response  to  stimulation 
electromagnetic  radiation,  a  uniform  temperature  distribution  can  be  generated  throughout 
the  tumor  mass;  and  (3)  the  heated  region  is  defined  by  both  the  location  of  the  CNTs  and 
the  position  of  the  irradiation  source,  confining  treatment  to  the  intended  lesion  and 
diminishing  off-target  toxicities.  However,  as  described  in  the  following  sections,  significant 
hurdles  still  must  be  addressed  before  CMNTT  will  be  a  clinically  viable  modality. 

2.1  Intratumoral  dissemination  of  CNTs 

Delivery  of  CNTs  and  other  engineered  nanoparticles  across  large  (>  1cm)  tumors 
represents  a  major,  under-investigated  need  for  biomedical  use  of  nanomaterials  [110-116]. 
As  highlighted  in  figure  3,  multiple  inter-related  properties  influence  particle  distribution; 
these  are  dependent  not  only  on  the  characteristics  of  the  particular  type  of  CNT,  but  also 
upon  the  environment  in  which  the  particle  is  to  be  used  and  the  strategy  by  which  it  will  be 
delivered.  As  more  information  on  the  use  of  CNTs  in  animal  models  becomes  available,  it 
is  clear  that  like  other  nanoparticles,  even  minor  structural  or  chemical  changes  to  the 
particle  surface  significantly  alter  the  biodistribution  of  CNTs  [117]. 

The  in  vivo  intratumoral  distribution  of  CNTs  largely  is  related  to  the  physicochemical 
properties  of  the  tubes,  which  include  length,  diameter,  degree  of  agglomeration,  surface 
chemistry,  and  flexibility  [25].  The  interactions  of  these  properties  with  the  pathophysiology 
and  anatomy  of  the  target  site  will  dictate  the  biological  interactions  of  the  CNTs  [118]. 
Furthermore,  it  is  important  to  realize  that  small  molecules  and  proteins  frequently  adsorb 
onto  the  surface  of  nanoparticles,  creating  an  interface  at  which  all  further  interactions 
occur.  The  environment  obviously  influences  the  composition  of  this  interface,  and  creates 
an  additional  factor  that  is  rarely  taken  into  account  when  evaluating  the  efficacy  and 
distribution  of  CNT  preparations. 

Current  delivery  strategies,  which  are  limited  to  either  intravenous  injection  or  direct 
intratumoral  injection  do  not  address  the  issue  of  limited  macromolecular  diffusion  of  CNTs 
once  they  enter  the  tumor  microenvironment.  Recent  work  suggests  that  this  may  be  an  issue 
of  considerable  complexity  [119].  Using  intravital  microscopy,  the  authors  demonstrated 
that  SWNTs  and  spherical  particles  with  similar  surface  coating,  area,  and  charge 
nevertheless  exhibit  different  abilities  to  extravasate  into  tumors.  Rather  remarkably,  the 
relative  penetrance  of  these  particles  was  dependent  on  tumor  type:  spherical  particles 
preferentially  extravasated  into  LS174T  colon  tumors,  whereas  SWNTs  accumulated 
preferentially  into  U87MG  gliobastoma  tumors;  neither  particle  extravasated  into  SKOV-3 
ovarian  adenocarcinoma  tumors.  The  mechanistic  basis  for  this  difference  remains  to  be 
determined,  but  these  results  suggest  that  biological  characteristics  of  the  tumor  itself  will  be 
an  important  determinant  in  the  optimization  of  therapeutic  nanoparticles. 

Among  the  options  for  enhancing  intratumoral  dissemination,  a  dense  PEG  coating  is  known 
to  improve  penetration  of  large  nanoparticles  in  tissue  [120],  but  the  role  of  PEG  coating  on 
CNT  diffusion  in  tumors  has  not  yet  been  assessed.  Furthermore,  pressure-driven  infusion 
techniques  such  as  convection  enhanced  delivery  (CED),  which  rely  on  a  pressure  gradient 
rather  than  diffusion  to  distribute  macromolecules,  may  be  of  benefit.  CED  of  nanomaterials 
is  an  area  of  current  research  [121]  but  has  not  yet  been  tested  for  the  delivery  of  CNTs. 
Positive  indications  for  use  of  CED  for  CNTs  include:  (1)  CNTs  can  be  synthesized  with 
diameters  (<30  nm)  far  smaller  than  the  estimated  pore  size  in  the  extracellular  matrix 
(ECM)  of  many  tumors  [112,  122,  123];  (2)  CNTs  tend  to  align  parallel  to  the  direction  of 
fluid  flow  [124];  and  (3)  their  diffusion  can  be  enhanced  by  selectively  tuning  their  surfaces 
to  the  physical  properties  of  porous  media  [119,  125-128]  like  the  ECM. 
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More  research  is  needed  to  identify  specific  properties  or  strategies  that  will  enhance 
intratumoral  transport  of  CNTs  both  during  and  after  infusion.  It  will  be  particularly 
important  to  these  studies  that  CNTs  for  use  in  biomedical  applications  have  well-defined 
preparation  chemistries  combined  with  rigorous  physicochemical  characterization,  and,  as 
discussed  below,  that  their  in  vivo  performance  can  be  tracked  by  non-invasive  imaging 
techniques. 

2.2  Monitoring  intratumoral  distribution  of  CNTs 

For  the  clinical  application  of  CNMTT  for  cancer  treatment,  CNTs  must  be  specifically 
engineered  to  be  compatible  with  an  imaging  modality  to  spatially  define  the  margins  of  the 
target  lesion,  assess  the  distribution  of  injected  CNTs  within  the  tumor,  and  to  allow  for 
placement  of  the  electromagnetic  radiation  source.  The  versatility  of  CNTs  as  a  platform 
technology  has  seen  the  development  of  CNT-based  imaging  agents  for  use  as  magnetic 
resonance  imaging  (MRI)  contrast  enhancers[22,  129-132],  positron  and  single  photon 
emission  correlation  spectroscopy  (PET/SPECT)  [19,  70,  133,  134],  fluorescence  imaging 
[71,  129,  135]  and  photoaccoustic  and  Raman  imaging  [136].  Carbon  nanotubes  offer 
several  advantages  for  targeted  molecular  imaging  techniques,  including  their  ability  to 
deliver  large  numbers  of  imaging  agents  per  each  targeted  molecular  recognition,  which  can 
improve  the  sensitivity  of  imaging,  and  their  ability  to  simultaneously  display  several 
different  types  of  agents  to  perform  multimodality  imaging. 

A  unique  feature  of  SWCNTs  is  that  they  possess  an  intrinsic  fluorescence  in  the  second 
near-infrared  window  (NIR  II,  1.1 -1.4  pm)  upon  excitation  by  laser  emission  in  the 
traditional  near-infrared  region  (NIR  I,  0.75-0.9  pm)  [137],  Compared  to  the  NIR  I  window, 
the  longer  wavelength  emission  in  NIR  II  offers  great  promise  for  the  development  of 
SWCNT  imaging  agents  due  to  minimal  autofluorescence  and  tissue  scattering,  which 
allows  for  deeper  anatomical  penetration  and  greater  spatial  resolution  than  is  currently 
available  for  traditional  NIR  imaging  agents  [137].  Studies  by  Welsher  et  al  indicate  the 
SWCNT-based  fluorophores  can  be  imaged  deep  inside  mice  following  excitation  with  a 
modest  laser  power  [135].  Similarly,  injection  of  SWCNTs  into  the  blood  allows  for 
quantifications  of  blood  velocity  and  mapping  of  small  vessels  which  an  accuracy  that  is  far 
beyond  the  capabilities  of  ultrasonography  [137].  Initial  studies  show  that  intravenously 
injected  SWNTs  could  be  used  as  as  photoluminescent  agents  for  in  vivo  tumor  imaging  in 
the  1.0- 1.4  pm  emission  region  and  as  NIR  absorbers  and  heaters  at  808  nm  for 
photothermal  cancer  therapy  [53].  Additional  clinical  applications  of  these  tubes  potentially 
could  include  contrast  enhancement  for  delineation  of  tumors/metastasis,  or  for  mapping 
intratumoral  vasculature. 

Several  additional  studies  have  examined  dual  modality  CNTs  for  both  imaging  and 
photothermal  applications.  In  one  study.  Ding  et  al  constructed  MWCNTs  containing 
increasing  amounts  of  ferrocene,  an  iron-based  catalyst  used  in  the  production  of  CNTs  [22]. 
These  iron-containing  MWCNTs  were  studied  for  their  potential  use  as  dual  modality  agents 
for  both  MR  contrast  enhancement  and  photothermal  energy  transduction.  The  researchers 
demonstrated  that  iron-containing  MWCNTs  were  effective  MR  contrast  agents.  In  vivo  MR 
imaging  provided  a  clear  indication  of  intratumoral  distribution  of  the  CNTs,  allowing  for 
image  guided  intervention.  Following  multiple  rounds  of  NIR  exposure,  the  contrast 
enhancing  and  heating  properties  of  the  MWCNTs  did  not  change,  even  after  reaching 
thermal  ablative  temperatures  [22].  When  injected  into  tumor  bearing  mice,  the  iron- 
containing  MWCNTs  could  be  detected  at  the  injection  site  before  and  during  heating,  and 
until  the  end  of  the  study  one  week  later  [22].  An  additional  advantage  conferred  by  this 
imaging  strategy  was  the  ability  to  monitor  temperature  in  real  time  using  MR  thermometry 
(see  section  2.3).  Conceptually,  this  demonstrates  that  multiple  or  fractionated  laser 
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treatments  could  be  targeted  to  the  tumor  without  the  need  for  additional  injections,  and  the 
distribution  of  the  MWCNTs  could  be  monitored  over  time. 

In  addition  to  MR  imaging,  photoacoustic  molecular  imaging  using  CNTs  has  shown  some 
early  promise  [138].  Photoaccoustic  imaging  relies  upon  detection  of  the  shock  wave  that  is 
generated  following  heating  of  the  CNTs  by  an  external  NIR  source.  Recent  studies  by  Zhou 
and  colleagues  indicate  that  CNTs  targeted  to  av(33  integrin  could  be  designed  to  possess 
both  high  photoaccoustic  contrast  and  and  efficient  targeting  of  av(33  integrin  positive  U87 
human  glioblastoma  tumors  in  mice,  suggesting  that  photoacoustic  molecular  imaging  with 
targeted  SWNTs  has  the  potential  for  use  as  a  tumor  diagnostic  method  [138].  In  another 
study,  Zarov  and  colleagues  developed  golden  carbon  nanotubes  (GNTs)  consisting  of 
SWCNTs  encased  in  gold  layers  [139].  The  gold  coating  not  only  enhanced  the 
photothermal  transduction  efficiency  of  the  tubes,  it  introduced  a  high  plasmon  resonance  at 
850-900  nm,  indicating  the  the  GNTs  could  be  used  for  both  non-invasive  photoaccoustic 
(PA)  imaging  and  photothermal  cancer  therapy  [140].  Moreover,  cancer  diagnosis  and 
therapy  applications  using  these  tubes  could  be  performed  with  the  same  laser  in  real  time 
using  a  unique  in  vivo  flow  cytometry  based  imaging  system  [139].  Using  anti-CD44 
labeled  GNTs,  the  researchers  were  able  to  detect  single  CD44+  circulating  breast  cancer 
stem  cells  in  the  blood  stream  of  tumor  bearing  mice  following  NIR  irradiation.  They 
postulate  that  these  cells  could  be  eliminated  by  increasing  the  laser  power  [139]. 

From  these  studies,  it  is  clear  that  CNTs  can  be  developed  for  both  cancer  imaging  and 
effective  photothermal  therapy  and  are  compatible  with  current  imaging  technologies. 

Future  developments  of  such  agents  would  have  a  dramatic  effect  on  non-invasive  cancer 
diagnosis,  targeted  therapies,  selection  of  patient  specific  treatments,  and  monitoring  of 
cancer  progression  or  recurrence. 

2.3  Optimizing  heat  localization  and  treatment  efficacy  of  CNMTT 

Heat  delivery  for  photothermal  applications  is  dependent  upon  the  total  laser  energy  incident 
upon  the  target  and  the  efficiency  of  the  target  at  converting  that  energy  into  heat. 
Temperature  elevation  by  CNMTT  is  limited  by  the  maximum  laser  output,  penetration  of 
the  light,  the  CNT  concentration  in  the  tumor  target,  and  heat  dissipation  away  from  the 
tumor  target.  Heat  dissipation  away  from  the  tumor  target  is  a  complex  process  that  is 
dependent  upon  environmental  factors  including  proximity  to  heat  absorbers  (i.e.  blood 
vessels  and  neighboring  normal  tissue),  solvent,  and  the  substrate  (tissue  type)  into  which 
the  CNTs  are  dispersed.  This  process  is  dynamic,  making  it  essential  to  develop  strategies  to 
reproducibly  control  the  spatial  and  temporal  distribution  of  heat  used  to  ablate  tumors 
[141]. 

To  reduce  off-target  damage  due  to  thermal  diffusion,  the  total  energy  deposited  into  the 
tissue  should  be  minimized  such  that  only  the  amount  of  heat  needed  for  treatment  is 
delivered  to  the  targeted  area.  To  accomplish  this,  it  is  necessary  to  monitor  in  real-time 
spatio-temporal  changes  in  temperature  resulting  from  CNMTT  using  infrared  cameras  [59, 
141]  or  magnetic  resonance  imaging  (MRI)-based  methods[28,  61].  Infrared  cameras  are 
useful  for  optimizing  both  CNT  concentration  and  NIR  irradiation  parameters  in  model 
tissue  and  in  tumor  bearing  mice,  but  cannot  accurately  map  temperature  deep  within  tissue. 
However,  a  more  clinically  relevant  method  of  non-invasive  temperature  mapping  is  a  MRI- 
based  thermometry  method  known  as  proton  resonance  frequency  (PRF)  MR  temperature 
mapping  (reviewed  in  [142]).  This  technique  allows  for  superposition  of  both  temperature 
information  and  anatomical  images  at  any  depth,  and  is  currently  used  clinically  to  monitor 
the  efficacy  of  thermal  ablation  techniques.  By  relating  the  treatment  temperature  to  actual 
thermal  tissue  damage,  PRF  MR  temperature  mapping  can  be  useful  in  predicting  the 
treatment  outcome  [61]. 
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Extensive  work  by  Torti  and  colleagues  has  demonstrated  the  compatibility  of  PRF  MR 
temperature  mapping  with  CNMTT  [22,  28,  61].  For  example,  Burke  et  al  used  PRF  MR 
temperature  maps  to  measure  the  temperature  increase  in  kidney  tumor  xenografts  following 
CNMTT  [28].  Use  of  MRI  contrast  enhancing  CNTs  allows  for  monitoring  of  nanomaterial 
distribution  [22]  in  the  tumor  and  can  aid  in  placement  of  the  NIR  source  [143],  Ding  et  al 
showed  that  iron-containing  MWCNTs  act  as  dual  mode  MRI  T2  contrast  agents  and 
photothermal  mediators  [22].  However,  a  potential  limitation  of  iron-containing  MWCNTs 
is  their  propensity  to  attenuate  MR  signals,  which  can  interfere  with  temperature  mapping 
by  PRF  MR  thermometry  [22]. 

Though  dependent  upon  tumor  type  and  location,  generation  of  sufficiently  high 
temperatures  to  ablate  large  (>3  cm)  tumors  while  minimizing  damage  to  healthy  tissue 
surrounding  the  tumor  due  to  heat  delocalization  is  the  major  limitation  to  all  current 
approaches  to  thermal  ablation  therapy  [144].  Experimental  use  of  nanosecond  pulsed  lasers 
has  been  successfully  applied  to  localize  heat  on  the  cancer  cell  level  in  the  presence  or 
absence  of  CNTs  [144-147].  However,  use  of  continuous  irradiation  for  tenths  of  seconds  or 
longer  (rather  than  nanosecond  pulses)  to  heat  a  large  number  of  nanoparticles  dispersed 
throughout  a  tumor  produces  an  overall  temperature  rise  several  orders  of  magnitude  larger 
than  the  localized  (nanoscale)  temperature  rise  near  each  particle  [141,  148].  Recently,  Xie 
et  al  used  a  combination  of  experimental  data  in  tissue  phantoms  and  diffusive  heat 
modeling  to  determine  the  thermal  distribution  CNT-bearing  tumors  during  and  following 
NIR  irradiation  and  used  clinically  relevant  damage  predicting  algorithms  to  quantify  the 
likely  efficacy  of  CNMTT  following  treatment  with  different  laser  pulse  strengths  and 
durations  (summarized  in  figure  4).  Fitting  of  the  data  to  diffusive  heat  models  indicates  that 
it  may  be  possible  to  achieve  thermally  ablative  temperatures  within  in  sharply  defined 
regions  (<1  mm  margins)  in  as  little  as  2  seconds  using  clinically  available  continuous  NIR 
lasers  in  combination  with  modest  CNT  concentrations  [61],  In  this  short  time  scale,  heat 
deposition  is  more  rapid  than  thermal  diffusion  and  convective  cooling,  which  will  simplify 
treatment  planning  and  reduce  heat  diffusion  to  surrounding  normal  tissue  as  compared  to 
current  clinical  thermal  ablation  techniques  which  require  tissue  to  be  heated  for  up  to 
several  minutes  to  achieve  ablative  temperatures. 

More  extended  NIR  treatment  exposure  may  be  necessary  for  treating  bulky  tumors  because 
the  generated  heat  can  effectively  spread  over  centimeter  size  regions  [61,  141],  Moreover, 
modeling  and  experimental  data  in  breast  cancer  tissue  phantoms  have  shown  that  the 
presence  of  CNTs  can  extend  the  effective  treatment  volume  for  a  fixed  NIR  energy  input 
[149,  150].  Burke  et  al  made  similar  observations  in  vivo  using  the  induction  of  heat  shock 
proteins  (HSPs)  27,  70,  and  90  as  endogenous  cellular  markers  of  thermal  stress  for  indirect 
measurement  of  heat  generation  in  full-depth  tissue  sections  taken  from  tumors  of  mice  after 
NIR  exposure  [28].  In  tumors  treated  with  NIR  plus  MWCNTs,  HSPs  were  seen  at  deeper 
tissue  levels  than  in  mice  treated  only  with  NIR,  confirming  that  CNTs  combined  with  NIR 
can  be  used  to  extend  the  effective  volume  of  thermal  therapy. 

There  remain  several  areas,  summarized  in  figure  5,  for  further  study.  The  temperature 
distribution  following  CNMTT  is  determined  by  the  rate  of  energy  input  and  efficiency  of 
NIR  conversion  to  heat,  which  is  influenced  by  concentration  [28],  aggregation  [63],  length 
[52]  and  wall  number  of  the  CNTs  [63].  Therefore,  careful  matching  of  both  CNT  type  and 
distribution  with  NIR  irradiation  parameters  can  more  effectively  treat  targeted  cell 
populations.  It  is  not  clear  how  intratumoral  distribution  of  CNTs  will  affect  the  efficacy  of 
CNMTT.  A  homogeneous  distribution  of  CNTs  throughout  the  tumor  mass  may  allow 
generation  of  a  more  predictable  and  uniform  temperature  in  the  targeted  area  following 
laser  irradiation.  However,  the  effective  tissue  penetration  depth  of  NIR  may  be  far  smaller 
than  the  tumor  volume  to  be  treated,  and  thus  a  more  modest  distribution  of  CNTs  may  be 
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needed.  Additionally,  a  better  understanding  of  the  contribution  of  heat  dissipation  caused 
by  the  presence  of  blood  and  body  fluids  will  be  required  to  determine  both  the  optimal 
concentration  of  CNTs  and  NIR  irradiation  parameters  required  for  clinical  applications. 
Finally,  a  greater  understanding  of  how  different  cancer  cell  populations  respond  to  CNMTT 

—  including  heat  resistant  stem-like  cells  and  tumor  cells  that  have  received  prior  treatment 

—  may  greatly  assist  in  the  development  of  new  therapeutic  strategies  for  non-resectable 
tumors  that  are  resistant  to  current  therapeutic  modalities. 

2.4.  CNT  toxicity  and  long-term  fate 

Progress  towards  the  clinical  use  of  CNTs  has  been  limited  in  part  due  to  the  lack  of  a 
comprehensive  understanding  of  the  basic  determinants  of  CNT  toxicity  and  clearance  from 
the  human  body.  Fear  of  exposure  to  CNTs  has  been  exacerbated  because  CNTs  can  act  as 
‘nano-needles’,  easily  piercing  cell  membranes  [8,  9],  traversing  to  the  nucleus  [23]  and 
potentially  inducing  genotoxicity  [151].  One  preliminary  study  on  the  toxicity  of  CNTs 
indicated  that  when  they  are  injected  into  the  abdominal  cavity  or  lungs  of  mice,  they  can 
induce  inflammatory  responses  and  granuloma  formation  similar  to  those  associated  with 
asbestos  exposure  [152,  153];  a  more  recent  study  further  demonstrated  mesothelial  cell 
injury  and  formation  of  mesotheliomas  following  peritoneal  injection  of  pristine  CNTs 
[154].  In  contrast,  a  two  year  study  on  the  potential  carcinogenic  nature  of  CNTs  injected 
into  the  peritoneal  cavity  of  rats  found  no  evidence  of  CNTs  causing  cancer  [155].  In  light  of 
these  conflicting  results,  the  future  outlook  for  biomedical  application  of  CNTs  continues  to 
be  met  with  scepticism.  Fears  over  CNT  exposure  increased  due  to  the  perception  that  they 
were  not  degraded  in  the  body,  though  now  it  is  known  that  some  types  of  CNTs  can  be 
degraded  in  biological  systems  by  oxidative  enzymes  [156,  157].  The  persistence  of  these 
concerns  indicates  that  for  biomedical  use  of  CNTs  to  progress,  the  toxicity,  and  therefore 
the  potential  risk-benefit  balance  for  these  materials,  must  be  resolved. 

Use  of  CNTs  in  cancer  therapy  requires  bypassing  the  body's  natural  defenses,  generating 
concern  that  toxicities  not  previously  observed  might  be  induced.  However,  many  strategies 
have  evolved  to  reduce  the  toxic  effects  of  CNTs  by  altering  lengths,  diameters,  or 
chemically  modifying  their  surfaces  [158].  Biomedical  use  of  CNTs  requires  modification  of 
the  highly  hydrophobic  surface  of  the  tubes  to  render  them  hydrophilic  [159],  but  not  all 
chemical  treatments  alleviate  the  toxicity  risks  associated  with  CNTs.  It  is  essential  to 
identify  which  characteristics  CNTs  should  possess  to  be  “safe-for-use”.  It  is  becoming  clear 
that  modifications  that  render  carbon  nanotubes  short  (<1000  nm),  flexible  and  permit  stable 
suspension  in  biological  fluids  are  necessary  to  ameliorate  the  risks  identified  for  exposure 
to  pristine  (unmodified)  CNTs  [160]. 

For  example,  work  by  Donaldson  and  colleagues  established  that  the  inflammation  and 
fibrosis  induced  by  CNTs  introduced  into  the  pleural  cavity  of  mice  could  be  reduced  by 
shortening  the  length  of  CNTs  [161].  Shorter  tubes  (<1000  nm)  were  not  retained  in  the 
pleural  cavity  and  eventually  were  excreted.  In  another  related  study,  Ali-Boucetta  et  al 
described  two  different  chemical  modifications  to  CNT  surfaces  and  asked  if  either  could 
reduce  the  inflammatory  toxicity  of  the  CNTs  following  intraperitoneal  injection  of  the 
tubes  [160].  They  found  that  CNTs  functionalized  using  the  1,3-dipolar  cycloaddition  of 
azomethine  ylides  first  described  by  Prato  and  colleagues  [23]  to  introduce  pyrrolidine  rings 
bearing  an  ammonium-terminated  tri(ethylene  glycol)  chain  to  the  side  wall  of  CNTs  do  not 
induce  inflammation.  In  contrast,  CNTs  functionalized  using  the  method  of  Billups  et  al 
[162]  to  introduce  an  octyl  chain  on  the  side  walls  induce  an  inflammatory  response 
comparable  to  that  observed  for  long,  pristine  CNTs  [163].  Functionalization  of  CNTs  using 
the  1,3-dipolar  cycloaddition  method  shortened  and  debundled  the  tubes  following  aqueous 
dispersion  while  CNTs  functionalized  by  the  Billups  method  remained  aggregated  in 
aqueous  suspension  [160].  The  authors  suggest  that  not  all  chemical  treatments  will  alleviate 
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the  toxicity  risks  associated  with  CNTs;  only  chemical  reactions  to  CNT  surfaces  that  lead 
to  CNT  shortening  and  aid  in  disentangling/debundling  of  CNTs  following  aqueous 
dispersion  will  reduce  the  risks  [160]. 

In  addition  to  length  and  dispersibility  in  aqueous  solvents,  a  third  critical  factor  which 
determines  the  potential  of  CNTs  to  cause  cell  injury  appears  to  be  CNT  diameter.  In  a 
recent  study,  pristine  MWCNTs  of  differing  thickness  were  suspended  in  saline  solution 
containing  albumin,  and  their  uptake  by  mesothelial  cells  was  compared  to  that  of  asbestos 
fibers  [154].  Mesothelial  cells  were  shown  to  take  up  MWCNTs  and  asbestos  by  two  distinct 
mechanisms:  MWCNTs  directly  pierced  mesothelial  plasma  and  nuclear  membranes, 
whereas  asbestos  fibers  were  internalized  by  endocytosis.  Consistent  with  the  observation 
that  the  force  needed  to  penetrate  cell  membranes  is  proportional  to  CNT  diameter  [164], 
thick  MWCNTs  (150  nm  diameter)  were  less  likely  to  pierce  mesothelial  cells  than  thin 
MWCNTs  (50  nm  diameter)  [154]  .  In  contrast,  asbestos  fibers,  even  those  thicker  than  150 
nm,  were  easily  internalized  by  the  cells  because  they  do  not  necessarily  enter  mesothelial 
cells  in  the  same  way  as  CNTs.  This  work  suggests  that  not  only  should  CNT  toxicology  be 
evaluated  differently  than  asbestos  toxicology,  but  also  that  control  of  the  diameter  of 
MWCNTs  could  reduce  the  potential  for  mesothelial  injury  and  other  hazards  caused  by 
CNTs. 

The  potential  risks  due  to  inflammatory  responses  caused  by  chronic  exposure  to  CNTs  in 
different  tissue  are  compounded  by  the  possibility  of  acute  risks  associated  with  blood-borne 
delivery  of  CNTs  [165-168].  Despite  the  fact  that  no  long-term,  or  chronic  toxicity  has  been 
exhibited  by  mice  injected  with  CNTs  that  have  been  chemically  functionalized  to  improve 
aqueous  dispersion  [6,  67,  133,  169-171],  concerns  have  persisted  regarding  the  potential 
thrombogenic  nature  of  CNTs.  In  this  regard,  several  groups  have  shown  that  CNTs  have  a 
high  propensity  to  activate  elements  of  the  coagulation  cascade  in  vitro  [166,  167,  172]. 
However,  in  an  extensive  study  comparing  the  role  played  by  chemical  functionalization  of 
CNTs  on  blood  toxicity  in  vitro  to  indicators  of  thrombosis  following  intravenous  injection 
into  mice  (platelet  counts;  D-dimer  levels;  murine  Von  Willebrand  factor;  histology),  Burke 
et  al  found  that  in  vitro  analysis  of  CNT  induced  coagulation  was  a  poor  predictor  of  actual 
in  vivo  outcomes  [173].  Specifically,  the  researchers  found  that  pristine  MWCNTs  appeared 
to  be  less  thrombogenic  than  chemically  functionalized  MWCNT  (acid  oxidized;  acid 
oxidized  then  amidated)  in  vitro  as  indicated  by  activation  of  the  coagulation  cascade, 
coagulation  time,  and  platelet  activation,  which  is  consistent  with  other  recent  reports  [174]. 
However,  following  intravenous  injection  in  mice,  pristine  MWCNTs  were  found  to  rapidly 
deplete  platelets,  and  induce  elevated  D-dimer  and  Von  Willebrand  factor  levels,  indicating 
severe  thrombosis,  disseminated  intravascular  coagulation,  and  endothelial  cell  injury  [173]. 
At  a  dose  of  250  ).ig,  pristine  MWCNT  were  acutely  lethal,  inducing  blockage  of  the 
pulmonary  vasculature.  In  contrast,  the  sole  measurable  effect  of  an  equivalent  dose  of  the 
two  types  of  functionalized  MWCNTs  was  a  transient  depletion  of  platelets  [173].  Although 
more  detailed  studies  must  be  undertaken  before  the  toxicity  profile  of  CNTs  is  fully 
understood,  these  results  support  the  hypothesis  that  CNTs  can  be  designed  to  be  suitable  for 
systemic  delivery. 

Importantly,  chemical  functionalization  of  CNTs  is  also  known  to  greatly  influence  their 
blood  clearance  profile.  Following  early  debates  regarding  whether  the  primary  clearance 
route  for  intravenously  administered  CNTs  was  via  renal  or  biliary  pathways  [133,  175, 

176],  it  is  now  known  that  the  type  and  degree  of  chemical  functionalization,  degree  of 
agglomeration,  and  length  of  the  tubes  determine  the  tissue  distribution  and  excretion  of 
CNTs  [177-179].  Renal  clearance  of  CNTs  in  particular  has  caused  much  debate  as  many 
believe  that  5  nm  is  the  maximum  diameter  that  permits  for  clearance  of  nanoparticles  via 
the  urine  [180].  However,  several  groups  have  shown  that  intact  CNTs  as  long  as  500  nm 
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with  diameters  of  up  to  25-30  nms  can  exit  the  blood  stream  and  be  excreted  in  urine  by 
orienting  themselves  along  their  smaller  axis  to  pass  through  the  fenestrated  endothelium  of 
the  glomerular  capillary  wall,  across  the  glomerular  basement  membrane,  and  through  the 
filtration  slits  [133,  134,  179,  181]  despite  these  openings  being  approximately  43  nm  in 
diameter  [182].  A  more  recent  study  by  Kostarelos  et  al  convincingly  confirms  these 
previous  works,  showing:  1)  individualization  of  CNTs  resulting  from  a  high  degree  of 
chemical  functionalization  to  introduce  hydrophilic  groups  to  the  CNT  surface  aids  in  rapid 
renal  clearance  and  low  tissue  retention;  2)  shorter  CNTs  exhibit  greater  renal  clearance  than 
longer  CNTs;  and  3)  in  general,  increasing  hydrophilic  chemically  functionalization  is 
associated  with  renal  clearance  while  decreasing  functionalization  favors  clearance  by  the 
mononuclear  phagocyte  system  [177]. 

Combined,  the  studies  described  above  indicate  that  it  should  be  possible  to  engineer  CNTs 
suitable  for  future  use  in  humans.  New  strategies  to  synthesize  and  modify  CNTs  in  a  highly 
controlled  manner  continue  to  evolve  and  show  tremendous  potential  for  designing  CNTs 
with  optimal  in  vivo  characteristics.  As  more  research  evaluating  the  relationship  between 
CNT  characteristics  and  in  vivo  kinetics,  excretion,  and  toxicity  emerges,  the  clinical  use  of 
CNTs  is  becoming  more  and  more  feasible. 

3.  Conclusions 

The  translation  of  carbon  nanotubes  from  an  interesting  nanomaterial  to  an  effective  cancer 
therapeutic  agent  is  an  actively  evolving  field  [25].  As  discussed  in  section  1  of  this  review, 
CNTs  offer  enormous  possibilities  for  the  development  of  the  next  generation  of  cancer 
therapeutic  and  diagnostic  agents.  Their  desirable  features  include  the  following:  1)  they 
efficiently  convert  incident  NIR  into  heat  for  use  in  cancer  thermal  ablation  or  imaging;  2) 
they  can  be  used  for  additional  therapeutic  applications  including  chemotherapeutic  drug  or 
gene  delivery;  3)  their  high  surface  area  to  volume  ratio  per  particle  allows  for  incorporation 
of  a  high  density  of  imaging  agents  which  can  improve  the  sensitivity  of  imaging;  4)  they 
can  simultaneously  deliver  several  different  types  of  agents  to  perform  multimodality 
imaging  and  cancer  therapy;  5)  they  easily  cross  cell  membranes  and  can  be  engineered  to 
be  exhibit  a  positive  biocompatibility  profile. 

As  research  in  this  field  has  advanced,  a  number  of  issues  in  the  use  of  CNTs  for  CNMTT, 
identified  in  section  2  in  this  review,  remain  to  be  addressed.  Size  of  the  tumor  is  one 
consideration.  Many  cancers  do  not  present  until  tumors  are  significantly  larger  than  one  or 
several  centimeters  in  diameter,  which  is  larger  than  most  tumors  treated  in  animal  models 
to  date.  Delivery  of  both  CNTs  and  therapeutic  heat  across  these  larger  tumors  represents  a 
major  challenge  in  the  pre -clinical  development  of  CNMTT.  Most  applications  to  date  have 
relied  on  NIR,  which  has  a  finite  range  of  tissue  penetration.  Although  biological  tissues  are 
relatively  transparent  to  NIR,  treatment  of  deep-seated  tumors  may  require  either  the  use  of 
RF  or  longer  wavelength  electromagnetic  radiation;  such  strategies  are  being  actively 
pursued  [54,  183].  Alternatively,  the  development  of  companion  technology,  such  as  fiber 
optic  probes  that  can  deliver  NIR  to  the  target  site,  may  enable  the  utilization  of  NIR  for 
thermal  activation  of  CNTs  in  even  deep-seated  tumors.  Additionally,  strategies  must  be 
developed  to  monitor  both  the  distribution  of  the  CNTs  and  the  deposition,  localization,  and 
efficacy  of  heat  treatment. 

Conversely,  it  is  also  desirable  to  treat  small  micrometastases.  Currently,  CNMTT  relies  on 
conventional  clinical  imaging  to  detect  and  localize  tumors  prior  to  treatment,  and  tumors 
that  are  too  small  to  be  visualized  by  such  methodology  will  remain  untreated.  Use  of 
targeted  nanoparticles  conjugated  to  imaging  moieties  may  overcome  this  limitation  by 
allowing  the  detection  and  treatment  of  such  small  tumors.  Targeted  nanotubes  may  also 
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permit  dose  reduction,  since  each  nanotube  would  have  a  higher  probability  of  associating 
with  its  tumor  target.  Of  particular  interest  would  be  the  development  of  CNT-based  PET 
agents,  which  would  allow  for  extremely  high  detection  sensitivity  and  depth  of  penetration. 
Because  the  risk  of  nanoparticle  toxicity  will  go  down  with  decreased  exposure,  the  use  of 
PET  as  an  imaging  modality  may  further  push  the  envelope  on  clinical  development  of 
CNT-based  therapeutic  and  diagnostic  agents.  A  number  of  potential  agents  have  been  tested 
in  mice  [19,  70,  133,  134],  but  their  utility  in  cancer  diagnosis  has  yet  to  be  evaluated. 

Most  importantly,  the  long  term  fate  and  toxicity  of  CNTs  must  be  determined.  It  has 
become  clear  that  specifics  matter:  that  each  change  in  particle  design  creates  an  entirely 
new  particle  with  novel  toxicological,  pharmacological  and  therapeutic  properties.  This 
necessitates  that  both  the  biomedical  and  toxicological  investigations  of  these  materials  take 
place  simultaneously.  The  debate  over  toxicity  of  CNTs  continues  despite  research  showing 
that  appropriate  design  can  ameliorate  many  unwanted  effects  of  CNTs;  thus,  overcoming 
the  perceived  and  real  potential  toxicides  of  nanotubes  may  represent  the  largest  hurdle 
towards  their  clinical  application.  Based  upon  the  current  evidence,  a  series  of  guidelines  for 
future  development  of  CNT-based  therapeutics  has  been  proposed  by  Kostarelos  and 
colleagues  [183].  Briefly  summarized,  these  recommendations  are:  (1)  use  aqueous 
preparations  of  small,  hydrophilic,  well  dispersed  CNTs  that  can  easily  be  internalized  by 
target  cells  and  that  macrophages  can  efficiently  take-up  and  clear  after  the  therapeutic 
effect  is  achieved;  (2)  use  colloidal  dispersions  of  CNTs  that  are  stable  under  physiologic 
pH  and  salinity  to  minimize  aggregation  in  vivo;  and  (3)  use  easily  excreted  or  chemically- 
modified  CNTs  that  are  readily  degraded  in  vivo. 

The  promise  of  CNTs  in  photothermal  cancer  therapy  still  remains;  realization  of  this 
potential  will  depend  on  production  of  well-characterized,  biocompatible,  homogeneous 
materials  and  well-designed  efficacy  and  toxicology  studies. 
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Figure  1. 

Treatment  of  tumor  bearing  mice  by  CNMTT  reduces  tumor  growth  and  increases  long  term 
survival.  Nu/nu  mice  were  implanted  s.c.  with  RENCA  tumors  and  divided  into  groups  of 
10.  Mice  were  either  left  untreated,  treated  with  MWCNT  alone,  treated  with  laser  alone,  or 
treated  with  the  combination  of  MWCNT  and  laser  (3  W/cm-;  30  s).  (A)  Photographs  at  day 
21  post-treatment  of  representative  mice  from  groups  treated  with  laser  only,  untreated 
controls,  or  mice  treated  with  100  pg  of  MWCNT  plus  laser.  (B)  Mice  treated  with  the 
combination  of  MWCNTs  and  laser  were  injected  with  a  range  of  MWCNT  doses.  Tumor 
sizes  were  measured  every  2  days.  Means  and  standard  errors  are  shown.  Control  groups 
(untreated,  treated  with  MWCNTs  alone,  or  treated  with  laser  alone)  were  statistically 
identical.  There  is  a  dose-dependent  attenuation  in  tumor  growth  after  30  s  of  NIR  laser 
treatment  of  MWCNT-loaded  tumors  (P  <  0.0001).  (C)  MWCNT-based  photothermal 
therapy  increases  long-term  survival  of  tumor-bearing  mice.  Survival  of  mice  treated  as 
described  in  (C)  was  assessed  for  10  months  after  treatment.  Kaplan-Meier  curves 
demonstrate  a  significant  increase  in  survival  in  mice  treated  with  all  doses  of  MWCNTs 
plus  laser  (P  <  0.0001  vs  all  controls).  Survival  curves  for  control  groups  were  statistically 
identical  (P  >  0.775).  Adapted  and  reproduced  with  permission  from  Burke  et  al.  PNAS  106 
(2009)  12897-12902. 
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Figure  2. 

Breast  cancer  stem  cells  are  resistant  to  conventional  hyperthermic  cell  death  but  sensitive  to 
CNMTT.  (A)  Relative  viability  of  cancer  cells  24  h  after  water  bath  heat  treatment  as  a 
model  of  conventional  hyperthermia.  Stem  cell-like  breast  cancer  cells  (BCSCs)  or  bulk 
breast  cancer  (non-stem)  cells  were  heated  in  a  water  bath  at  47  °C  for  0-60  min.  MTT 
absorbance  values  were  normalized  to  the  untreated  condition  (“0”  minutes  heat  shock).  The 
results  clearly  show  that  BSCC  subpopulations  are  more  resistant  to  heat  than  breast  cancer 
cells  as  a  whole.  (B)  Sub-lethal  hyperthermia  enriches  for  the  BCSC  phenotype  in  bulk 
breast  cancer  cells.  Changes  in  the  CD44hlgh/CD24low  stem  cell  fraction  of  surviving  bulk 
breast  cancer  cells  24  h  after  water  bath  heat  shock  at  43°C,  45°C  or  47°C  were  determined 
by  flow  cytometry.  Shown  are  mean  percent  changes  in  the  CD44hlgh/CD24low  cell  fraction 
normalized  to  the  Untreated  condition  (which  is  set  as  1.0,  i.e.  “0  percent  change”).  Dashed 
lines  indicate  the  95%  C.I.  for  the  Untreated  condition.  All  heat  treatments  led  to  significant 
increases  in  the  stem  cell  fraction  (p  <  0.0001)  relative  to  Untreated.  (C)  In  contrast,  of 
BCSC  and  non-stem  breast  cancer  cells  are  equally  sensitive  to  CNMTT.  Cancer  cells  were 
heat  treated  to  specific  temperatures  by  the  combination  of  MWCNTs  and  NIR  laser 
irradiation  and  the  relative  viability  of  BCSC  and  non-stem  breast  cancer  cells  was 
determined  by  MTT  24  h  later  and  normalized  to  the  “Untreated”  conditions.  “CNT  Only” 
describes  samples  that  were  mixed  with  MWCNTs  but  were  not  laser  treated.  “CNT+  Laser” 
describes  samples  that  were  heat  shocked  to  the  indicated  final  temperatures  by  the 
combination  of  50  mg/mL  MWCNTs  and  3W  laser  radiation.  In  contrast  to  the  water  bath 
heating  results,  no  significant  difference  between  the  sensitivity  of  stem-like  and  non-stem 
breast  cancer  cells  was  observed,  and  (D)  no  enrichment  of  the  stem  cell  phenotype 
(quantified  as  in  (B))  in  viable  cells  24  h  after  CNMTT  was  detected.  Adapted  and 
reproduced  with  permission  from  Burke  et  al.  Biomaterials  33  (2012)  2961-2970. 


Adv  Drug  Deliv  Rev.  Author  manuscript;  available  in  PMC  2014  December  01. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Singh  and  Torti 


Page  29 


Pharmacologic  properties 

•  8ic4tttribution/4ccumutotion/clear&!Ke 

•  Tissue  penetration/diffusion/retention 

•  Cei:ul8f  response 

•  Toxicity 

•  Immunogen  icity 


Nanotube  parameters 

•  length 

•  Diameter/wal  number 

•  Functionaluation/coating 

•  Concentration 

•  Aggregation 


Inter-nanoparticle  interface 

•  Steric  and  electrostatic  interactions 

•  Zeta  potential 

•  Aggregation,  dispersion,  and  dissolution 

•  Hydrophiiic/hydrophobic  interactions 

•  Van  der  Waais  forces 


Figure  3. 

Effective  delivery  of  CNTs  to  the  tumor  is  a  central  challenge  for  using  CNTs  to  treat 
cancer.  .  In  spite  of  the  dynamic  growth  of  innovative  nanoplatforms,  the  path  from  bench  to 
bedside  is  still  challenging.  Barriers  within  the  tumor  microenvironment,  including  vascular 
heterogeneity,  extracellar  matrix  pore  size,  high  interstitial  pressure,  and  immune  cell 
infiltration,  limit  the  uniform  penetration  of  nanotherapeutics,  lead  to  inefficient  delivery 
and  reduce  the  potential  efficacy  of  many  treatments.  Currently,  there  is  an  insufficient 
understanding  of  how  CNTs  interact  with  the  tumor  microenvironment.  As  shown  here, 
there  is  a  patchwork  of  inter-related  properties  that  are  dependent  not  just  on  the 
characteristics  of  the  nanoparticle,  but  also  upon  the  environment  in  which  the  particle  is  to 
be  used  and  the  strategy  by  which  it  will  be  delivered.  These  properties  influence  the 
pharmacologic  behavior  of  the  CNTs  in  vitro  and  in  vivo.  Failure  to  appropriately 
characterize  CNTs  has  led  to  a  bottleneck  in  their  clinical  translation  due  to  inadequately 
designed  studies  at  the  pre-clinical  level  that  could  bridge  cell-  culture -to-rodent-to-human 
studies.  Identification  of  CNT  physicochemical  and  surface  characteristics  under  specific 
infusion  parameters  and  consideration  of  how  the  pathophysiology  and  anatomy  of  the  target 
site  influence  the  pharmacologic  properties  of  CNTs  will  be  necessary  for  the  development 
of  pharmaceutical  grade  material  for  clinical  use. 
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Figure  4. 

MR  thermography  combined  with  damage  modeling  algorithms  can  be  used  to  optimize  the 
delivery  of  therapeutic  heat  to  tumor  targets.  (A)  Schematic  of  experimental  design.  The 
entire  set-up  was  placed  within  the  magnet  of  a  7T  MRI.  A  YAG  laser  tuned  to  1064  nm 
served  as  the  laser  source  and  the  phantom  was  exposed  to  a  total  fixed  radiant  energy  of 
approximately  100  J/cm2  using  either  a  high  power,  short  duration  pulse  (10  W/cm2;  9.6  s; 
refered  to  as  the  “short  pulse”)  or  a  low  power,  longer  duration  pulse  (3  W/cm2;  32  s; 
referred  to  as  the  “long  pulse”).  (B)  Time  evolution  of  the  average  temperature  measured  by 
MR  thermometry  achieved  in  the  MWCNT  inclusion:  Temperature  increased  approximately 
linearly  with  time  in  response  to  both  long  and  short  pulse  irradiation  with  a  rate  of  average 
temperature  increase  of  1.89  and  0.38  °C  s'1  and  for  the  short  and  long  pulse  heating, 
respectively.  Notably,  the  ratio  of  these  heating  rates  is  about  5  and  is  significantly  greater 
than  the  ratio  of  heating  powers  (3.3),  suggesting  more  heat  diffuses  away  from  the  heated 
region  during  long  pulse  heating.  (C)  Temperature  maps  calculated  by  PRF  MR 
thermometry  of  a  coronal  slice  across  the  MWCNT  inclusion  and  surrounding  nanotube-free 
phantom  generated  at  the  time  the  laser  was  turned  off.  A  temperature  contour  for  which  the 
peak  temperature  reached  43  °C  (green  curve)  is  shown.  The  images  clearly  show  that  heat 
is  more  localized  following  the  short  pulse  treatment.  Thermal  damage  contours  calculated 
for  100  or  200  cumulative  equivalent  minutes  at  43°C  (100CEM43  (pink  curve)  and  the 
240CEM43  thresholds  (blue  curve))  and  contours  calculated  using  the  Arrhenius  damage 
integral  are  shown.  Thermal  necrosis  is  predicted  to  begin  when  the  Arrhenius  integral 
equals  1  (light  blue  curve),  which  is  roughly  equivalent  to  100CEM43.  Ninety-nine  percent 
of  cells  are  predicted  to  die  when  the  Arrhenius  integral  equals  4.6  (dark  blue  curve),  which 
is  roughly  equivalent  to  240CEM43.  Note  that  99%  cell  death  as  calculated  by  the  Arrhenius 
damage  integral  was  not  achieved  using  long  laser  pulse  heating.  Thus,  for  a  fixed  radiant 
exposure,  short  pulse  heating  of  CNTs  leads  to  a  higher  maximum  temperature,  a  more  rapid 
rate  of  temperature  increase,  more  localized  heating,  and  greater  therapeutic  efficacy. 
Adapted  and  reproduced  with  permission  from  Xie  et  al.  Pliys.  Med.  Biol.  57  (2012) 

5765-75. 
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Figure  5. 

Summary  of  important  parameters  which  must  be  assessed  for  successful  clinical  translation 
of  CNMTT.  To  maximize  treatment  efficacy  and  minimize  collateral  damage  due  to  heat 
spread,  laser  irradiation  parameters  (irradiance,  duration,  duty  cycle)  must  be  carefully 
matched  to  the  NIR  absorptive  characteristics  and  distribution  of  the  CNTs  as  well  as  the 
thermal  properties  of  the  targeted  and  surrounding  tissue.  These  parameters  are  highly 
interrelated  and  must  be  balanced  with  the  underlying  biology  and  biophysics  of  the  tumor 
target.  An  understanding  of  both  the  NIR  absorptive  and  thermal  dispersive  qualities  of  the 
tumor  target  is  needed.  Specific  issues  related  to  the  sensitivity  of  the  tumor  and  surrounding 
tissue  to  thermal  ablation  must  be  identified.  Treatment  should  be  compatible  with  a  non- 
invasive  thermal  mapping  modality  (such  as  proton  resonance  frequency  shift  magnetic 
resonance  (MR)  thermography)  to  monitor  temperature  localization. 
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Table  1 

Preclinical  assessment  of  CNMTT  in  cancer  models 


Cancer  Type 

Experimental  model 

Material  (effective  dose) 

Laser  (wavelength;  radiant 
exposure) 

Reference 

Brain  (human) 

in  vitro;  adherent  primary 
glioblastoma  cells 

SWCNT  (2.5  pg/well  of  24 
well  plate) 

808  nm;  600  J/cm2 

[83] 

in  vitro;  non-adherent  U25 1 
glioblastoma  cells 

SWCNT  (10  pg/ml) 

808  nm;  600  J/cm2 

[184] 

in  vitro;  non-adherent  MDA- 
MB-231  cells 

gold  coated  SWCNTs 
(estimated  0.5-lxl04 

SWCNTs  per  cell) 

850  nm;  0.5  J/cm2 

[91] 

in  vivo  murine  flank  tumor; 
primary  glioblastoma  cells 

MWCNT  (10  pg  -  ex  vivo) 

808  nm;  600  J/cm2 

[83] 

Breast  (human) 

in  vitro;  transformed  human 
mammary  epithelial  cells 

MWCNT  (50  pg/mL) 

1064  nm;  90  J/cm2 

[84] 

in  vitro;  adherent  BT-474  cells 

SWCNT  (5-10  pg/ml) 

808  nm;  5130  J/cm2 

[75] 

in  vitro;  adherent  SK-BR-3  cells 

SWCNT  (4  pg/ml) 

808  nm;  900  J/cm2 

[76] 

in  vitro;  non-adherent  BT474 
cells 

SWCNT  (100  pg/ml) 

800  nm;12  J/cm2 

[185] 

in  vitro;  non-adherent  MCF-7 
cells 

SWCNT  (not  reported) 

808  nm;  144  J/cm2 

[78] 

in  vivo  murine  flank  tumor; 
MDA-MB-231  cells 

MWCNT  (100  pg  IT) 

1064  nm;  90  J/cm2 

[22] 

in  vivo  murine  flank  tumor; 
transformed  human  mammary 
epithelial  cells 

MWCNT  (100  pg  IT) 

1064  nm;  90  J/cm2 

[84] 

Breast  (murine) 

in  vitro;  adherent  EMT6  cells 

SWCNT  (3.5  pg/ml) 

980  nm;  120  J/cm2 

[82] 

in  vitro;  adherent  EMT6  cells 

SWCNT  (50  pg/ml) 

980  nm;  60-150  J/cm2 

[106] 

in  vivo  murine  flank  tumor;  4T1 
cells 

SWCNT  (70  pg  IV) 

808  nm;  180  J/cm2 

[53] 

in  vivo  murine  flank  tumor;  4T1 
cells 

SWCNT  (100  pg  IV) 

808  nm;  300  J/cm2 

[69] 

in  vivo  murine  flank  tumor; 

EMT6  cells 

SWCNT  (20-25  pg  IT) 

980  nm;  300  J/cm2 

[73] 

in  vivo  murine  flank  tumor; 

EMT6  cells 

SWCNT  (1  mg  IT) 

980  nm;  450  J/cm2 

[82] 

Cervical  (human) 

in  vitro;  adherent  Hela  cells 

MWCNT  (10  pg/ml) 

1064  nm;  128  J/cm2 

[144] 

in  vitro;  non-adherent  HeLa  cells 

SWCNT  (25  pg/ml) 

808  nm;  168  J/cm2 

[27] 

Erlich  ascites  (murine) 

in  vitro;  non-adherent  Erlich 
ascitic  carcinoma  cells 

MWCNT  (100  pg/ml) 

780-1400  nm;  315  J/cm2 

[186] 

Kidney  (human) 

in  vitro;  adherent  CRL  1932  cells 

Nitrogen-doped  MWCNT 
(approx.  83  pg/ml) 

1064  nm;  720  J/cm2 

[52] 

Kidney  (murine) 

in  vitro;  non-adherent  RENCA 
cells 

MWCNT  (100  pg/ml) 

1064  nm;  135  J/cm2 

[28] 

in  vitro;  non-adherent  RENCA 
cells 

MWCNT  (100  pg/ml) 

1064  nm;  4590J/cm2 

[98] 

in  vivo  murine  flank  tumor; 
RENCA  cells 

MWCNT  (100  pg  IT) 

1064  nm;  90  J/cm2 

[28] 

Liver  (human) 

in  vitro;  adherent  HepG2  or  CRL 
4020  cells 

MWCNT  (1-50  pg/ml) 

808  nm;  7680  J/cm2 

[49] 
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Cancer  Type 

Experimental  model 

Material  (effective  dose) 

Laser  (wavelength;  radiant 
exposure) 

Reference 

in  vitro;  adherent  SK-BR-3  cells 

SWCNT  (20  ng/ml) 

1064  nm;  4  J/cm2 

[74] 

Lymph  (human) 

in  vitro;  non-adherent  Daudi 
Burkitt's  lymphoma  cells 

SWCNT  (90  jig/ml) 

808  nm;  2 100  J/cm2 

[94] 

Mouth  (human) 

in  vivo  murine  flank  tumor;  KB 
epidermoid  mouth  carcinoma 
cells 

SWCNT  (12  |ig  IT) 

808  nm;  684  J/cm2 

[60] 

Neuroend  ocrine  (human) 

in  vitro;  adherent  stNB-V  1 
neuroblastoma  cells 

MWCNT  (5-10  ng/ml) 

808  nm;  3000  J/cm2 

[77] 

Prostate  (human) 

in  vitro;  non-adherent  PC-3  cells 

MWCNT  (100  ng/ml) 

1064  nm;  4590J/cm2 

[98] 

in  vivo  murine  flank  tumor;  PC-3 
cells 

MWCNT  (50  [ig  IT) 

1064  nm;  175  J/cm2 

[63] 

Skin  (murine) 

in  vivo  murine  flank  tumor; 
SCCVII  squamous  carcinoma 
cells 

SWCNT  (60-100  (i.g  IT) 

785  nm;  120  J/cm2 

[59] 

IT  =  intratumoral  injection;  IV  =  intravenous  injection 
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